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PREFACE 


Le  caracterr  dr  rarete  dr  ceriaines  matieres  premieres  tit  longtemps  reste  un  concept  un  peu  abitrait  pour  les 
societes  occidrntalcs.  rt  il  a  fallu.  pour  qu'rllri  rn  prennenl  conscirncr.  qu’cllej  aient  eu  a  faire  face  i  del  ivinementi 
cconomjco  poli tiqurs  dr  premiere  grandeur  comme  le  premier  choc  pilrolier  tie  )  97 3. 

F.n  mature  dr  materiaux  metalliques  aeronautiqucs.  I'<v<nement  majeur  a  tani  doute  i t<  ta  criie  Zairoiie  de  1979, 
qui  provoqua  I'envolee  des  prix  du  cobalt  A  partir  de  14  apparaiuait  en  pleine  lumiere  un  phi  nomine  anterieurement 
btcn  identify  la  grande  sensibilite  de  l'approviiionnement  en  un  certain  nombre  de  materiaux  chrome,  cobalt,  tantale, 
niobium,  man  aura  dans  une  moindrr  mesurr  nickel,  tungstine  et  molybdine  4  la  foil  rares,  el  pour  la  plupart  d'entre 
cux  guere  disponiblrs  dans  des  pays  sun 

En  outre,  revolution  actuelle  de  1'industrie  aironautique  en  matiire  de  moteun  recherche  de  coniommationi 
spicifiques  riduites.  entrainant  des  temperatures  de  fonctionnement  et  dei  vitesses  de  rotation  accrues  conduit  4 
s'mterrsser  en  matiire  de  superalliages  4  des  formulations  nouvelles.  dam  lesquels  la  place  des  materiaux  rifractaires 
figurant  dans  renumeration  pricedente  se  trouve  itendue. 

Tous  ces  facteurs  conduisent  disormais  les  instances  politiques,  les  constructeun  aeronautiques  et  lea  producteun  de 
matenaux.  chacun  pour  leur  part.  4  considirer  les  problimes  de  stockage.  de  conservation,  de  substitution  et  de  recyclage 
de  matiriaux  metalliqurs,  comme  nicessaires  4  la  foil  sur  le  plan  stratigique  et  sur  le  plan  iconomique. 

Lr  present  ouvrage.  qui  rassemble  les  communications  presentees  4  une  Reunion  des  Specialties  du  SMP  de 
J'AGARD.  est  focalisi  sur  deux  des  sujrts  precedents  substitution  et  recyclage.  Ont  ete  abordies  d'une  part  toutes  les 
techniques  susceptihles.  en  matiirr  de  superalliages.  de  riduire  I’emploi  des  matieres  premieres  metalliquca  les  plus 
sensibles.  mats  aura  toutes  les  solutions  alternatives  faisant  appel  i  des  materiaux  d'une  autre  nature  (intermetalliques. 
ceramiqucs) 

Par  ailleurs  ont  ete  repertories  les  divers  problimes  rclatifs  au  recyclage  des  superalliages  dans  1'industrie 
delaboration  identification  des  problimes  provoquis  en  particular  par  I'accumulation  d'impuretes,  et  recherche  des 
solutions  correspondantes 

En  outre  ont  ete  prisentes,  4  litre  de  synthise.  deux  documents  introductifs  sur  les  problimes  de  geographic 
economiqur  auxquels  se  rifire  la  reunion,  ainsi  qu'une  revue  sur  les  techniques  economes  en  matieres  premieres 
( metallurgy  des  poudres  par  exemplei 

Une  table  ronde  a  eu  lieu  en  clbture,  component  quelques  communications  brtves  et  une  discussion  generate  sur 
chacun  des  deux  themes  retenus  File  sera  editee  sous  la  forme  d'un  opuscule  compiementaire. 
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1  r.-it  ’  :.o  1  !<• r systems  of  the  industr! a  1  ize  1 ,  marKet-ecur.umy 
i  \  /  Inc  orto  1  raw  materials.  Home  of*  these  material."  are  vital  *.  a  trie 
?1  weapons  >r  to  Lisle  pre  1  jet  1  or.  capacity  3-uct.  i;*  mau.lbe  tools, 
tag"  exists,  the  potential  of  supply  interruptions  repulrea  riatloi.il 
r.  of  insurance.  Alep.iate  preparedness  requires  i  mu  1 1 1-fa  etod  strut- 
ability  of  short-term  response,  such  as  st  ocKpl  I  i  np; ,  and  longer  term 
r.*"n;y  s  .Lstitut  Ion.  leve  lopnent  of  substitutes  occurs  normally  only 
rnar.ee  a  dv.untage  is  foreseen,  .'one  substitutes  are  l  ei ng  developed 


•  i:;  ?y  r>. 

ibst  itut  Ion. 

’  ]  <•  rTurn.tr.  -o  * 

i vantage  is  fu 
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process,  but 

cT.'.;  i  rorr.lnlni 

•  subst  itut  1'  n 

■e  ie  1  It  .or  Ate  ■»? 

id  better  org.a: 

1.  I  NTH'  *:  h  *  110H :  IMPORT  1  KPKNDF.NCE 

.t  .at  It  ot  1  :.  ani  reeye  1  Ini!  In  relation  to  ,-rittca!  ar.-.l  strategic  materials,  the  topic 
f  r.'—t  1  ■  a ,  nee  1  to  t-e  considered  in  a  broader  context.  What  are  critical  materials 

i : .  i  whl:.*.  f  t!;em  are  t  rate,'  1  .* '.  To  whom?  What  are  the  actual  r  potential  strategic  p  rot - 
.•■ms?  What  m  he  lone  >  .  solve  these  problems?  What  is  the  role  if  substitution  a..  I  re- 
ir.g  within  the  overall  set  of  solutions?  What  are  the  present  and  potential  possibili¬ 
ties  f  .  .t  st  it  it.  ion  from  a  technical  viewpoint?  To  what  extent  are  these  technical  poasl- 
:  l.itl«3  llxe’y  •  .  r,e  realized  through  normal  market  forces  and  current  government  programs? 
Is  there  i  r  .  |  f<r  additional  programs?  In  this  paper  we  attempt  to  deal  broadly  with 
these  ).••,  |  rovlting  a  background  and  setting  the  stage  for  the  detailed  technical 

;  ljers  *  f  1  low. 

A  vast  literature  exists  on  the  subject  of  strategic  and  critical  materials,  especially 
with  reape. to  the  United  .Hates.  Much  of  this  literature  la  in  the  form  of  reports  with 
limited  availability.  In  this  paper  the  author  seeks  to  give  a  purely  personal  viewpoint 
supf oriel  by  references  which  arc  far  from  a  complete  set  but  which  are  among  the  more 
accessible.  Two  forthcoming  references  of  special  merit  were  available  in  draft  form 
[refer  noes  ’•>•  )  and  have  beer,  used  for  a  general  update. 


The  highly  Industrialized,  market-economy  cc entries  Import  more  than  half  of  many  of 
the  raw  materials  which  they  require.  Table  1  gives  percentages  Imported  for  12  essential 
commodities.  Trie  United  Ut.ates,  the  European  Economic  Community,  and  .iapan  are  each  heavily 
dependent  on  imp  rts.  In  contrast,  trie  CUMKCON  countries  supply  most  of  their  own  needs  for 
these  commodities  with  the  excention  of  cobalt.  Even  Tor  cobalt  they  supply  about  one-third 
- f  their  needs  and  so  woull  be  able  to  come  much  closer  to  meeting  their  mo3t  essential 
reels  f rom  their  own  production  than  the  EEC  which  imports  97  percent  of  Its  needs. 

.'orieern  over  a  possible  Interruption  In  supply  i3  Intensified  by  ’  he  fact  that  for 
some  materials  the  supply  comes  primarily  from  a  few  countries.  Moreover,  some  of  these 
countries  are  thought  to  be  politically  unstable.  Table  2  lists  the  primary  source  coun¬ 
tries  having  the  greatest  reserves  for  the  materials  of  Table  1  (references  3,4).  Belglum- 
I.uxrmburg,  listed  as  a  source  of  cobalt,  is  *)f  course  r.ot  a  primary  source.  This  example 
suggests  the  difficulty  of  tracing  supply  to  Its  ultimate  source,  for  example,  finding  the 
true  source  of  chromium  during  the  embargo  a  few  years  ago.  Caution  and  expert  advice  are 
appropriate  in  using  such  data. 

2.  CRITICAL  MATERIALS 

Concern  with  the  economic  and  security  aspects  of  materials  shortages  has  a  long  his¬ 
tory.  In  the  United  States  this  concern  goes  back  to  World  War  I  and  led  ultimately  tc  the 

establishment  of  the  United  States’  strategic  stockpile  which  exists  today.  Import  depen¬ 

dence  alone  was  not  the  concern.  Rather  the  concern  was  and  Is  with  materials  which  are 
critical  to  a  country’s  well-being  and  are  strategic  in  the  sense  of  being  imported  end 
being  thought  to  be  vulnerable  to  reduction  of  supply.  Opinions  as  to  which  materials  are 
"strategic  and  critical"  have  varied  greatly.  Sixty  one  commodities  (some  In  several  forms) 
are  still  held  in  the  U.S.  Stockpile  but  many  are  there  for  historic  reasons  rather  than 

current  views  of  their  importance.  Oenerally  attention  centers  on  a  list  of  ten  to  fifteen 

minerals  as  shown  In  Table  3  (references  5.6). 


i  : 


A  rr»  I-*.?  pval  i.it  Ion  of  the  degree  of  3trateg!  m*'tal  vu I  nernb  1  1  I  ty  In  the 

'.*<’!  i special  mention  (reference  7).  A  committee  of  the  Metal:;  Properties 

I  .’ha  I  re  I  t.v  K.W.  .‘talker  examined  1-^  Important,  metals.  They  used  a  new  index  which 
res  account  :.♦»#' la  (in  peace  or  war),  reserve;;  (World,  North  American,  an  1  USA )  , 

■.*•  r*  1,  N-rth  American,  and  br.".A ;  each  in  peace  and  war),  (/.'•  consumption  (In 
j  •'  r  war  ,  reliability  •  f  source  (in  peace  or  war),  state  ot  uy  stockpile  relative  to 
i  1  ,  ;•*.  $  per  pnni,  ability  to  recycle  (In  peace  and  war,,  an  i  probability  of  cartel 

rma*.  !  .  ;*•<•«>  »*.  1  war'.  The  results  fell  Into  three  groups  an  shown  In  Table  a . 

sc  1  y  t  >  the  current  general 
-•  *n  *ern  l  ng  the  most  erltl  *a* 
m,  alt,  manga ne  e,  and  t.he 
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there  are  llfferen.es  the  strategic  and  critical  materials  problems  of 
entries  among  the  Industrialize!,  market -economy  countries,  but  their  problems 
Ingly  airdlar.  Much  of  the  existing  analysis  refers  to  the  United  .’tates  and  will 
n  increasingly  representative  of  the  general  situation. 


r*  1  a.'hmav.  has  classified  possible  problems  with,  minerals  supply  into  two  categories, 

tr.  1  sh--rt-tern,  ac  shown  In  Table  h  {reference  9).  He  views  the  former  as  arising 
f  j err  latent  our.  lit  ions,  or  trends,  aril  the  latter  as  arising  out  of  large  deviations 
* rch !  :  ^ her  transitory  occurrences .  Most  jf  the  classifications  of  Table  t  are 

■■x;  ;  mat  r:  i  :l  a  few  may  require  clarification.  Long-term  exposure  t-  short-term 
- .  •  1 1  r.gor.c  lee  c  cur  3  when  t  hr  re  is  physical  con  rent  rat  ion  of  supply  lr.  areas  (such 
.* her  .  Africa  with  respect  to  chromium)  that  a re  unusually  subject  to  politically  nc- 
v  :  ;  ;  1  y  1  nterr options .  Some  of  the  price-driven  problems  classified  by  Flochn  .  'ire 

:  pr  ..-!  i’-ms  to  producing  countries  rather  than  to  users,  and  may  even  benefit  users 

Whi  >  Pit  can  lead  to  longer  term  problems  for  users  if  some  suppliers  are  driver,  out 


rr.m  tig*  jwij.t  view  of  th.is  audience  the  above  classification  may  seem  over  elabor¬ 
ate.  Irjbatly  m.st  ,f  those  present  here  would  prefer  to  concentrate  on  items  w  and  9. 

:r.i'  i;;,  ir.  living  with  the  continuing  potential  of  a  politically-motivated  supniy  reatric- 
*  -r  tne  actuality  of  one.  Before  concentrating  on  this  type  of  problem  it  *3  weli, 

1 ..  reflect  for  a  moment  on  some  Implications  of  the  above  complex  classification. 
Vlvral  supp  Iv  if.  1  lenand  is  generally  an  econ.  .  mlc  question  and  becomes  something  else  only 
w\*vo  list  rted  t  >•  politics  or  war.  Mineral  resources  are  distributed  unevenly  among  nations. 
;  n«* re  is  ir.  inevitable  process  of  st  oking  economic  advantage  which  market-oriented  ecor.o- 
-lv  ;,h  ill  presumably  leave  to  the  market  to  settle.  In  practice  this  economic  truism  is 
•....*.  ..rpletely  f, 4. owed  by  any  government  if  the  economic  consequences  became  severe.  Thus 
1  : 1 3  /  u;js lor.  of  critical  materials  is  inevitably  a  political  discussion  wuose  ramifications 
iivide  allies  in  some  cases.  We  cannot  pursue  this  subject  here,  and  will  concentrate 
tr.**  *  ■;  »*s  of  emergency  ( 2  and  >)  In  which  this  audience  pres  imably  can  find  conjnon  cause. 
Tvir  is,  we  will  c  j.ns  Her  dealing  with  an  existing  emergency  or  a  long-term  threat  of  an 
»"\*  :Vr r,  which  is  .  iearly  of  the  nature  of  a  war  or  a  major  political  activity  and  jlearly 
.. 4\ slit-  the  normal  market  process  even  when  the  latter  i3  modified  somewhat  by  a  m  derate 
. e of  intervent  i  on  by  governments. 

U.  IMPACT  AND  LIKELIHOOD  OF  SUPPLY  PHOMI.KML 

Tf.e  impact  of  a  supply  problem  depends,  of  course,  on  the  u3es  on  the  material  and 
w..j11  vary  greatly  among  the  critical  materials.  Let  u3  briefly  examine  the  major  uses  and 
the  major  sources  of  supply  for  the  four  moat  critical  materials. 

The  major  uses  of  chromium  In  the  United  States  are  shown  in  Table  7  (reference  10). 
Xftii  production  dominates  and  within  metal  production  stainless  steel  dominates.  Super¬ 
alloys,  which  are  often  cited  as  a  vulnerable  area,  require  only  .’.*>  percent  of  the  chrom¬ 
ium  J3ei  in  me t a  1 3  or  less  than  two  percent  of  all  ci.romium  used.  Table  3  gives  the  dis¬ 
tribution  of  known  ore  reserves  and  shows  the  well-known  dependence  on  southern  Africa. 

Table  A  also  shows  that  despite  the  concent rat  ion  of  known  chromium  reserves  in  one  part 
of  the  world  there  Is  an  Immense  amount  of  it,  more  than  a  two  hundred  years  supply  at 
current  use  rates.  The  great  utility  of  chromium,  its  relatively  modest  price  as  a  spec¬ 
ialty  metal  (  -ss  than  a  dollar  per  pound  of  contained  chromium  in  ore),  and  the  large  re¬ 
serves  Indicate  that  it  will  continue  to  be  used  in  large  amounts.  Indeed,  the  development 
In  Louth  Africa  of  a  new  family  of  weldable,  corrosion-resistant  alloys  (termed  JCH12  by 
Mlddleburg  Steel  and  Alloys  Ltd.)  containing  12  percent  chromium  suggests  that  a  cons ivlerab le 
Increase  in  the  us*  of  chromium  may  occur,  possibly  a  50  percent  increase. 

The  use,  distribution  and  price  patterns  for  cobalt  are  quite  different  (reference  11). 
Table  9  shows  that  the  use  of  cobalt  is  indeed  concentrated  in  high  technology  applications: 
superalloya,  magnets,  and  tools.  Southern  Africa  Is  a~aln  an  important  source  but  does  not 
overwhelm  the  picture  to  as  great  an  extent.  Substantial  reserves  exist  In  Oceania  and  the 
r  ited  States  has  a  substantial  amount  of  uneconomic  resources  which  could  be  mined  in  an 
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emergency.  The  lmmer;sr  potential  of  the  seabed  nodules  should  also  be  noted.  The 
price  of  -obalt  has  varied  from  $‘>  to  more  than  $25  per  pound  In  recent  years. 

Marr.trese  presents  a  quite  different  situation  than  either  chromium  or  cobalt 
(referet.  e  11).  About  00  percent  of  all  forms  of  mar.ganese  consumed  In  the  United  States 
Is  used  ’n  the  manufacture  of  Iron  and  steel.  It  Is  used  for  deoxidation,  de3u  1  furlzat lor. , 
and  control  of  morphology  of  sulfides  and  carbides  In  Iron  and  steel  products.  Its  effects 
on  strength,  toughness,  hardness,  and  hardenab  1 1  lty  are  also  Important.  Steelmaking  with¬ 
out  the  use  of  manganese,  although  possible,  would  adversely  affect  steelmaking  costs.  Por- 
tunately,  the  distribution  of  manganese  reserves  Is  relatively  widespread.  The  principal 
free-world  sourc1  ■ of  manganese  are  the  Republic  of  South  Africa,  Gabon,  India,  Australia, 
and  Rrar.il.  Mexico  could  become  a  significant  supplier  in  the  future  (reference  12). 

The  world  production  of  platinum-group  metals  In  197^  Is  summarized  lr.  Table  11 
(reference  H).  Table  12  gives  the  major  categories  of  use  in  1977  and  a  forecast  for 
yearly  consumption  beyond  luBA.  Without  taking  time  to  gc  Into  detail  about  palladium,  rho¬ 
dium,  and  Iridium,  let  us  note  that  they  have  some  specialty  uses  (e.g.  as  components  In 
certain  catalysts  or  as  crucibles  for  crystal  growth)  for  which  platinum  alone  cannot  sub¬ 
stitute.  The  platinum-group  metals  present  a  complex  picture  of  specialty  uses  dominated  by 
the  requirements  for  catalysts  for  pollution  control  for  vehicles.  Despite  great  efforts, 
substitute  catalysts  have  not  displaced  them  yet.  It  Is  noteworthy  that  substantial  depos¬ 
its  platlmum  and  palladium  are  known  In  Stillwater  in  the  United  States  so  that  emergency 
mining  would  be  possible. 

5.  POSSIBLE  RESPONSES  TO  SUPPLY  PROBLEMS 

With  there  facts  about  critical  and  strategic  metals  In  mind  let  us  turn  to  a  consl- 
Serat.  .or.  of  bow  a  country  might  respond  to  a  supply  Interruption.  A  useful  classification 
-f  responses  Is  given  In  Table  H  (reference  19).  Let  us  recognize  at  once  that  the  re¬ 
sponses  listed  there  do  not  fit  with  complete  comfort  Into  the  oxes  shown.  Nevertheless, 
•his  classification  does  properly  emphasize  the  most  Important  aspects  of  these  types  of 
response  lr.  terns  of  whether  they  are  primarily  short-term  or  long-term  and  whether  they 
are  primarily  aimed  at  modifying  supply  or  modifying  performance. 

Whv  car.  be  done  as  a  short-term  response  to  a  shortage  of  a  critical  material? 
.'tocKpilei  material  car.  be  disbursed.  Production  Trom  the  remaining  sources  of  supply  can 
te  allocated;  l.e.  government  can  override  market  allocation  of  the  remaining  short  supply 
' n  the  Interest  of  national  security  considerations.  Recycling  can  be  Increased  beyond  the 
normally  economic  level.  All  of  these  responses  aim  at  providing  alternate  supply  of  the 
shortage  materials.  In  contrast,  the  fourth  type  of  short-term  response  Is  to  substitute 
lr.  situations  where  the  technology  of  substitution  Is  known  and  available. 

What  can  be  done  to  respond  on  a  longer  time  scale?  International  relations  can  be 
cultivated  to  assure  supply  from  remaining  foreign  sources.  Domestic  production  from 
normally  uneconomic  sources  can  be  subsidized.  Research  and  development  can  be  conducted 
to  develop  new  substitutes.  Substitution  which  has  succeeded  at  the  laboratory  level  can  be 
pushed  through  the  generally  expensive  and  time-consuming  process  of  establishment  in 
commerce . 

Ir.  the  brief  time  available  let  us  give  some  consideration  to  each  of  these  responses. 

6.  STOCKPILING 

Ir.  he  United  States.  the  Strategic  and  Critical  Materials  Stockpiling  Act  provides 
for  "  m  requisition  and  retention  of  stocks  of  certain  strategic  and  critical  materials  and 
to  erieou:  ige  the  "onservat Ion  and  development  of  sources  of  such  materials  within  the 
United  States  an  thereby  o  decrease  and  to  preclude,  when  possible,  a  dangerous  and  costly 
dependence  by  the  United  states  upon  foreign  sources  for  supplies  of  such  materials  in  times 
of  national  emergency"  (reference  15).  The  Act  defines  "strategic  and  critical  materials" 
as  "materials  that  (A)  would  be  needed  to  supply  the  military,  industrial,  and  essential 
civilian  needs  of  the  United  States  during  a  national  emergency,  and  (B)  are  not  found  or 
produced  In  the  United  States  in  sufficient  quantities  to  meet  such  need".  It  is  interest¬ 
ing  to  note  that  the  Act  speaks  of  Industrial  and  essential  civilian  needs  as  well  as  mili¬ 
tary  needs  and  that  It  speaks  of  national  emergency  rather  than  more  narrowly  of  war.  How¬ 
ever,  the  stockpile  Is  clearly  Intended  to  be  used  only  as  a  last  resort  and  not  for  Inter¬ 
vention  in  the  economy  excep'  In  extreme  circumstances.  The  Act  allows  release  of  material 
only  for  "purposes  of  the  national  defense". 

The  status  of  the  stockpile  with  respect  to  the  four  materials  currently  considered  to 
be  most  Important  is  summarised  in  Table  19.  The  goals  are  set  by  the  Act's  requirement 
that  "The  quantities  of  the  materials  stockpiled  should  be  sufficient  to  sustain  the  United 
States  for  a  period  of  not  less  than  three  years  in  the  event  of  a  national  emerger.  y".  In 
practice,  a  complex  set  or  political  and  budgetary  considerations  affect  the  holdings;  for 
example,  sale  of  excess  material  such  as  silver  It  often  resisted  by  the  producers.  The 
situation  differs  greatly  within  the  four  materials;  the  goal  is  greatly  exceeded  for  man¬ 
ganese,  substantially  met  for  chromium,  and  is  less  than  half  met  for  cobalt  and  the  plati¬ 
num  group  metals.  Such  a  broad  statement  omits  consideration  of  detailed  considerations. 

Por  example,  declining  capacity  for  ferrochrone  production  could  make  the  United  States  un¬ 
able  to  use  the  stockpiled  chromite  at  an  adequate  rate.  On  the  other  hand,  certain  other 
metallurgies!  furnaces  might  be  capable  of  rapid  conversion  to  ferrochromlum  production.  A 
similar  concsrn  is  whether  the  older  stockpiled  cobalt  is  of  sufficient  grade  to  be  used 
directly  for  modern  auperalloya. 
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shortcomings,  the  U.f. .  stoekfiir  in  a  strong  insurance  policy 
lime  to  put  other  responses  to  in  emergency  into  effect. 
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ALLOCATION 


";i>r  t  l;o  Defense  Production  Act.  of  19b0  the  President  of  the  United  T.tates  lr»  giver. 
h'v.rJ  powers  to  vo  priority  to  contracts  arid  t.<_  allocate  production  involving  atrategl  : 
ar.  i  critical  materials  when  ho  finds  that  it  is  essential  to  do  so  lr»  the  national  Jo  fern;*1 . 
This  function  is  carried  out  primarily  throng*.  ’he  department  of  Commerce.  The  authority 
nar-  o.  c  as  lcr.a  I  ly  leer,  used  Ir.  peace  time;  for  example,  in  connection  with  build  In*.*  the 
*  r a  r . ;w  A I  i  :<  g a  ;  i  pe  1 1  r.e . 


Hi*' ’’Y- 'I.  INI 

:*o_  ogr.i  z  Ing  that  re  y  c  1  ir.g  will  he  treated  lr.  detail  later,  we  shall  confine  ourselves 
r  tw.  i-int.  here.  First,  recycling  of  scrap  within  a  plant  or  of  between  plants  at  Hf- 
f  civr.  t  I  it  i  j'.o  tut  tel  cnging  to  the  same  firm  i:;  very  different  from  recycling  of  scrap 
;r.J;:el  t.y  ilverse  consumers.  1  n  th.e  latter  case  collection  and  separation  are  serious 
;  r-  t -ler.s .  Tec.,*.  i#  tf.e  latter  type  of  recycling  brings  into  play  additional  institutional 

fi.nrn  ir.  j  -th  cases  the  interplay  of  tcch.nl  *al  and  economic  factors  controls  how  r.ucr. 
re  eye  I  in*.  Is  l^ne.  Ir.  th.e  latter  case  such  institutional  factors  as  the  ownership  of  mur.J- 
.  I;  a',  ref  i  y  numerous  highly  diverse  types  of  local  government  units,  which  are  subject 
*  .  •  ner  .  v»*rrl  ling  -  n^rts,  makes  recycling  {  us t -consumer  refuse  for  recovery  of  st rutegi : 

r !  » I  r  :iff!  •  . r  ex,  e;  *  f.-r  culling  out  the  most  expensive  Items  suet,  as  th"  platinum 
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A  lari:  ;  in.dlem  wit:.  sutst itut  ion  Is  that  if  the  substitute  were  as  good  and  as  cheap 
r  he  material  in  use,  substitution  would  occur  without  the  pressure  of  the  threat  of  stra¬ 
tegic  materials  vulnerability.  This  statement  must  be  modified  by  recognizing  the  large 
Inertia  ir.  th.e  use  of  materials  caused  by  the  investment  ir;  captclty  to  use  the  current  ma- 
*»  ri  tl  mi  the  i.irr'er  which  standards  may  cause.  In  many  sit uat ions  It  Is  easier  to  write 
:  :  t  an.  Jar  j  ir.  terms  of  a  material  rather  than  in  terms  of  performance.  wual  i fy l:.g  a  new 

for  ise  in  critical  components  of  an  aircraft  is  an  expensive  and  lime-consuming  task. 

Another  crucial  aspect  of  substitution  is  that  it  Involves  not  Just  the  pr  >p*.*rt  of 

i  maierial  but  the  whole  sequence  of  process  involve  J  ir.  the  manufacture  and  use  of  goods 
wit;,  the  substitute  material.  Thus  there  are  strong  barriers  to  use  of  a  substitute  materi¬ 
al  .uU*3S  the  economic  advantage  is  great  enough  to  Justify  ail  the  costs  of  new  capital,  In- 

ve.'tment,  new  standards  development ,  and  user  education,  lionet  I  nos  the  benefits  of  these 

investments  cannot  be  captjred  \ the  person  making  then,  so  that  the  real  beneficiary  must 
;  with  these  costs  if  substitution  is  to  occur. 

Here  is  a  situation  where  a  certain  amount  of  Judicious  investment  by  government  seems 
tr.  appropriate  part  >f  a  balanced  program  of  national  security.  While  no  clear  actio:;  plan 
n.'is  evolved  there  is  a  continuing  discuss  lor.  or.  what  3hould  be  done  so  that  existing  3ubsti- 
*  ..t  ion  technology  ::.uld  be  rapidly  deployed  when  needed.  Qr.e  proposal  is  for  an  M  in  forma - 
t  i  j:.  st  ockpile”  which  would  contain  Inf  jrmat  ion  on  substitution  technologies  including  all 
:  r.e  associated  process  ar.  1  use  changes  (references  It, 17).  It  has  beer,  proposed  to  esta- 
:  liah  m  internet  lu.'.a  I  program  to  develop  star. lards  to  facilitate  the  use  advar.ced  mater  1- 
i .  ;.*  .reference  lr');  a  logical  extension,  would  be  to  develop  star;  lards  fui  substitute  materi- 
1 1  r  f,r  e merger. cy  use. 
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1J.  INTERNATIONAL  RELATION..: 

Tlnce  World  War  II  a  much  more  liberal  trading  system  has  evolve!  among  the  free  world 
nations  as  a  result  of  the  recognition  that  protectionism  had  failed  in  the  interwar  period 
‘ reference  19).  Three  decades  of  relatively  high  growth  rates  took  place  in  the  industrial 
countries.  In  recent  years  the  developing  world  has  called  for  a  new  international  economic 
orjer,  heavily  emphasizing  the  stabilizing  of  raw  materials  prices  and  seeking  to  raise  them 
by  means  of  international  commodity  agreements.  This  Is  a  major  challenge  to  the  free  trade, 
market-oriented  system  favored  by  most  industrialized  nations,  at  least  in  theory.  Another 
challenge  concerns  off-shore  minerals  (including  petroleum,  manganese  nodules,  and  the  newly 
discovered  sulfides)  and  the  impact  of  the  Law  of  the  Lea. 

11.  ENHANCED  DOMESTIC  PRODUCTION 

Domestic  production  of  many  minerals  has  declined  in  indust r lali zed  nations.  The  com¬ 
mon  explanation  Involves  declining  grades  of  domestic  resources  in  contrast  to  good  grades 
and  cheaper  labor  in  certain  developing  nations.  However,  3ome  commodities  can  still  be 
produced  domestically  from  lower  grade  ores  (e.g.  copper  in  the  United  States)  so  that  tech¬ 
nology,  organization,  capital,  and  proximity  to  markets  can  sometimes  overcome  a  resource 
disadvantage.  Industrial,  free-world  nations  generally  do  not  find  it  advantageous  to  sub¬ 
sidize  uneconomic  mining,  but  support  for  minerals  research  and  development  and  a  favorable 
climate  for  domestic  industry  can  be  an  Important  part  of  reducing  vulnerability  when  mar¬ 
ginally  economic  domestic  resources  exist.  Discovery  of  new  domestic  ores  would  be  very  im¬ 
portant  yet,  as  Yoder  (reference  20)  points  out,  there  Is  no  major  basic  research  effort  in 
the  U.S.  specifically  designed  to  provide  the  fundamental  knowledge  needed  to  explore  for 
elements  in  minerals  not  now  exposed  at  the  earth’s  surface. 
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12.  RESEARCH  AND  DEVELOPMENT  FOR  SUBSTITUTION  TECHNOLOGY 


'or.:- l  terlni.*.  i ,:i *  s-.ibot  It ut  lor.  technology  la  one  of  two  main  themes  of  this  conference 
sr.t  will  he  let  1  •  with  lr.  many  papers  to  come,  we  attall  address  only  a  few  principal  points. 


and 


the  l.  r 


V :  t 
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rat,  sutist  Itut  Ion  can  he  taken  In  a  broader  sense  to  Include  process  substitution 
Include  coatings  technology.  Since  some  of  the  most  Important  possibilities  for 
in  critical  materials  use  would  tie  excluded  ty  a  narrow  definition  of  substitution, 
a  ter  sense  Is  taken  here.  Wo  have  noted  that  two-thirds  of  chromium  usage  13  lit 
A  recent  study  of  the  steel  Industry  (reference  21)  discusses  several  technical 
1  :: a  which  are  lelny  Introduced  In  steelmaking  which  may  act  to  reduce  average  alloy 
steel  production.  These  Include  continuous  casting,  new  melting  and  refining  prac- 
tuai  Itv  ccr.tr  1  through  3e:;3ors  arid  computers,  arid  Improved  shape  control.  f.urface 
at  lor.  Is  a  r.a.Ior  opportunity  for  further  reduction  In  critical  materials  use. 


Toss  it.  1 3 1 1  les  for  reduction  ty  year  2000  lr.  chromium  and  cut, alt  require  I  ty  the  aero- 
c;  ace  Industry  are  given  In  Table  l‘>.  The  wide  hand  between  tne  high  arid  low  estimates  lr;- 
11  rate  the  great  uncertainty  of  such  estimates,  hut  the  results  show  that  very  Important 
reductions  In  vulnerability  are  possible  through  technical  advances  In  substitution  and 
near  net  shape  processing.  Hood  technical  opportunities  exist  for  the  sub3t ltut  lor.  of  cera- 
-1  r.  f  r  hi,  temperature  alloys,  fur  cutting  tools,  for  wear  surfaces,  and  as  components 
- ic-p ...si ter  (reference  22). 


I-.  view  ,-f  these  potential  reductlor.3,  how  much  Is  being  done  to  achieve  them?  The 
■  newer  appeirs  to  tc  that  relatively  little  Is  being  lone  In  a  purposeful  way  with  the  ex- 
eptljr.  of  a  few  fir.e  activities  such  as  NASA's  C03AM  program  (reference  21).  The  reason 
is  4  parent.  Private  industry  ha3  little  Incentive  to  InveBt  In  research  and  deve  lopmer.t 
solely  tc  produce  substitutes  which  would  be  used  only  In  an  emergency;  they  have  little 
h.pe  of  reaping  a  financial  benefit  from  such  Investments.  Their  work  on  Improving  perfor¬ 
mance  and  lowering  cost  lues  lead  to  replacement  materials  arid  does  appear  to  he  leading 
tv  reduced  vulnerability  through  the  development  of  alternate  materials  hut  this  result  Is 
a  spir.off  rather  than  a  primary  goal.  It  Is  well  to  remember,  however,  that  developments 
of  new  materials  could  also  lead  to  Increased  rather  than  decreased  ,.se  of  critical  materi¬ 
als  as  may  be  the  -.use  with  the  new  ICB12  steel  mentioned  earlier. 

Government,  as  part  of  Its  role  In  seeking  to  assure  national  security  has  a  good  rea¬ 
son  for  supporting  research  on  substitute  materials.  A  survey  of  federally  supported  ma¬ 
terials  research  and  development  In  the  United  States  In  1900  attempted  to  assess  the 
amount  of  work  being  done  on  substitute  materials  (reference  20).  Out  of  a  total  of 
1,  191,105  thousand  f  spent  on  federal  materials  R&D ,  9,608  thousand  $  was  spent  of  work 
directly  related  to  substitution  and  ar.  additional  13,960  thousand  t  was  spend  on  work  re¬ 
lated  to  substitution.  The  total  of  23,608  thousand  Is  only  about  0.2  percent  but  Is  even 
less  Impressive  when  it  Is  realized  that  the  projects  are  scattered  In  many  agencies  and 
are  subject  to  pressure  from  other  priorities  which  make  stability  of  work  difficult.  Ta¬ 
ble  16  lists  the  total  federal  funding  for  all  forms  of  research  related  to  critical  ma¬ 
terials.  The  amount  totals  7.0  percent  of  all  federal  materials  RID. 

13..  STRATEGIC  AND  CRITICAL  ENGINEERING  MATERIALS 

’ertaln  special  manufactured  materials  car.  be  critical  and  strategic  because  of  the 
nature  of  the  manufacturing  process  rather  than  the  raw  materials  required.  Our  discussion 
so  far  has  concentrated  or.  raw  materials.  The  Implied  assumption  Is  that  a  country  can  pro¬ 
cess  these  raw  materials  Into  the  vast  number  of  engineering  forms  required.  We  briefly 
noted  one  case,  ferrochrome  versus  chromite  ore,  for  which  an  Interruption  of  ferrochrome 
Imports  Into  the  United  States  might  cause  a  serious  problem  despite  the  large  chromite 
stockpile  because  of  declining  capacity  for  ferrochrome  production.  Many  other  examples 
exist . 


The  case  of  ceramic  substrates  used  as  microelectronic  chip  carriers  Illustrates  sev¬ 
eral  points.  The  material  Itself,  which  Is  primarily  aluminum  oxide,  Is  available  from 
many  sources  and  Is  not  considered  critical  per  se .  However,  the  special  form  needed  re¬ 
quires  specialized  manufacturing  and  stringent  quality  control.  Japanese  manufacturers 
supply  about  two-thirds  of  the  substrate  requirements.  It  Is  said  that  U.S.  users  of 
these  substrates  typically  have  an  Inventory  sufficient  only  for  a  few  days  manufacturing 
requirements.  An  Interruption  In  supply  would  probably  have  very  rapid  and  serious  con- 
sejuences,  both  military  and  economic.  In  the  case  of  Japan,  interruption  of  supply  to  the 
United  States  seems  very  unlikely.  However,  this  example  does  Illustrate  how  specialized 
manufacturing  capacity  for  critical  engineering  materials  may  be  concentrated  In  a  few 
countries  for  economic  reasons. 

On  contrast  to  the  extensive  analysis  and  established  set  of  responses  for  critical 
raw  materials ,  relatively  little  has  been  done  to  provide  Insurance  against  vulnerability 
for  special  engineering  materials.  The  balance  of  appropriate  policy  options  is  different. 
Stockpiling  is  much  les*  attractive  because  the  stockpiled,  material  is  likely  rapidly  to 
become  obsolete  and  almost  valueless.  In  the  case  of  electronic  substrates  the  next  genera¬ 
tion  may  involve  much  greater  use  of  other  ceramics,  for  example.  In  responding  to  a  cut¬ 
off,  greater  reliance  on  allocation  of  domestically  manufactured  substrates  plus  expansion 
of  domestic  capacity  would  be  needed.  The  critical  importance  of  having  a  domestic  manu¬ 
facturing  baae  from  which  to  expand  la  clear.  In  another  case,  that  of  high  grade  silicon 
carbide  fibers  for  advanced  structural  composites,  the  United  States  has  no  domestic  supply 
considered  equal  to  the  quality  of  the  Japanese  fibers.  The  Department  of  Defense  Advanced 
Research  Project  Agency  recently  moved  to  fill  this  gap  by  oontraotlng  with  the  Dow  Corning 
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Company  and  other  subcontractors  to  develop  a  domestic  source. 

Further  detailed  discussion  of  critical  engineering  materials  to  beyond  the  scope  of 
this  paper  and  Is  apparently  rot  the  purpose  of  this  confr  ->nce .  However,  growing  use  of 
high  technology  materials  makes  future  consideration  of  th.s  class  of  materials  lncre.v  lnc- 
l.v  Important  for  both  economic  and  military  reasons.  In  the  United  f.tates  there  Is  a  ri¬ 
sing  level  of  concern  and  a  growing  discussion  of  the  need  for  a  so-called  "national  Indus¬ 
trial  policy"  (reference  .?5).  Providing  an  Insurance  policy  against  shortages  of  critical 
engineering  materials  la  recognized  as  an  Important  component  of  this  policy.  Further  de¬ 
velopment  of  specific  Ideas  Is  needed. 

IK.  SUMMARY 

In  conclusion  the  following  summary  points  are  offered  as  the  personal  viewpoint  of 

the  author: 

(1)  There  Is  no  shortage  of  strategic  and  critical  raw  materials  today.  None  Is 
foreseeable  In  the  next  few  decades  as  a  result  of  any  physical  limitation  of  reserves  and 
resources.  However,  geographical  distribution  and  political  factors  make  man-made  shortages 
a  sufficiently  real  fossil’  1 1  ity  that  the  Industrialized,  market-economy  countries  .should  be 
prepared  to  deal  with  emergency  shortages. 

( .? )  A  reasonable  national  plan  requires  many  components  balanced  between  short  anl 
long-term  and  between  supply  and  technically-oriented  responses. 

(>)  The  costs  of  preparedness  must  be  born  primarily  by  government  because  the  pri¬ 
vate  sector  cannot  expect  to  recover  an  Investment  In  preparedness  In  normal  circumstances 
so  that  a  firm  which  makes  such  an  Investment  will  be  at  a  compet 1 t 1 ve  disadvantage. 

(A)  Within  the  total  preparedness  plan  there  Is  a  strong  role  for  research  and  de¬ 
velopment  for  substitution  and  recycling.  Not  only  is  their  potential  great  for  increasing 
preparedness  but  they  have  the  chance  of  producing  spinoff  benefits  of  Important  commercial 
value  to  a  country  as  a  whole. 

(51  To  be  effective,  the  substitution  ar.1  recycling  portion  of  a  preparedness  pro¬ 
gram  need  to  be  augmented  with  a  program  on  standards  development  and  a  stockpile  of  Infor¬ 
mation  of  the  entire  technology  of  protection  and  use. 

(6)  Present  federal  programs,  at  least  In  the  United  States,  appear  to  be  at  a  low 
level  and  to  lack  stability.  The  standards  and  Information  stockpile  components  are  In  an 
especially  weak  state. 

(7)  The  whole  topic  of  special  manufactured  materials  which  are  critical  because  of 
the  distribution  of  manufacturers  rather  than  the  distribution  of  raw  materials  is  growing 
In  Importance.  A  different  mixture  of  responses  Is  needed.  These  Involve  sensitive  issues 
of  national  Industrial  policies.  Analysis  Is  at  a  less  advanced  stage  than  for  raw  materi¬ 
als  vulnerability. 


’  references 

1.  "Substituting  Non-Metalllc  Materials  for  Vulnerable  Metals",  National  Science  Founda¬ 

tion,  Division  of  Policy  Research  and  Analysis.  Report  In  preparation  based  on  work¬ 
shop  held  June  27-2%,  1983. 

2.  "Technologies  to  Reduce  U.3.  Materials  Import  Vulnerability",  study  In  progress  by  the 

orflce  of  Technology  Arsessment  of  the  United  States  Congress.  Update  or  progress  on 
the  assessment  presented  to  the  ASM  Government  and  Public  Affairs  Committee  at  Its 
March  10,  1983  meeting. 

U  "Mineral  Commodity  Summaries  1983",  Bureau  oT  Mines,  United  States  Department  of  the 
Interior. 

A.  "Minerals  In  the  U.S.  Economy:  Ten-year  Supply -Demand  Profiles  for  Mineral  and  Fuel 
Commodities  (1966-75),  Bureau  of  Mines,  United  States  Department  of  the  interior. 

5.  "Special  Report  -  Critical  Imported  Materials",  Council  on  International  Economic 

Policy,  December  1978. 

6.  "Interagency  Review  of  Federal  Monfuel  Minerals  Policy",  United  States  Departisent 

of  the  Interior,  1979. 

7.  "An  Index  to  Identify  Strategic  Metal  Vulnerability",  C.C.  Clark,  J.A.  Ford,  F.M. 

Richmond,  K.W.  Stalker,  and  J.R.  Stephens,  Raport  of  a  Task  Oroup  of  the  Metal  Proper¬ 
ties  Council, 

8.  "The  Domestic  Supply  of  Critical  Nlnarals",  Bureau  of  Minas,  United  State*  Department 

of  the  Interior,  1983,  and  Prlvata  communication  with  the  author  by  Thomas  A.  Hcnrle, 
Chief  Scientist,  U.S.  Bureau  of  Mints. 

9.  Leonard  L.  Pltehman,  "World  Mineral  Trends  and  U.S.  Supply  Problems",  Resources  for 


r 


T 

i 


1-7 


flip  Future,  Iru’.  Research  Taper  R-70,  1980. 

"...  "  'ont  Irigeney  Flans  For  Chromium  Utilization",  National  Materials  Advisory  Hoard , 

National  Research  Council,  1978. 

'  .  J.K.  Tien,  "Cobalt  Availability  and  Superalloys  and  NASA's  Activities  In  the  Conserva¬ 
tion  of  Strategic  Aerospace  Materials",  published  In  National  Bureau  of  Standards  re¬ 
port  NBSIR  81-7105,  "Proceedings,  IJ.S.  Department  of  Commerce  Public  Workshop  on  Cri¬ 
tical  Materials  Needs  In  the  Aerospace  Industry",  Pebruary  9-10,  198 1  - 

1.  .  "Manganese  Reserves  and  Resources  of  the  World  and  Their  Industrial  Implications", 
National  Materials  Advisory  Board,  National  Research  Council,  1981. 

.  "Supply  and  Use  Fatterns  for  the  Platinum-Group  Metals",  National  Materials  Advisory 
Board,  National  Research  Council,  1980. 

.-.  Bruce  W.  Steiner,  Center  for  Materials  Science,  National  Bureau  of  Ttandards.  rrlvate 
cummunleat Ion  with  the  author. 

1! .  "stockpile  Report  to  the  Congress,  October  1981  -  March  1987",  Federal  Emergency 
Management  Agency. 

.  "Oonservat  Ion  and  Substitution  Technology  for  Critical  Materials",  Proceedings  of  Pub¬ 
lic  Workshop  sponsored  by  the  U.S.  Department  of  Commerce/National  Bureau  of  Stan¬ 
dards  and  U.S.  Department  of  the  Interior /Bureau  of  Mines,  held  June  15-17,  1981  at 
Vanderbilt  University,  Nashville,  Tenn.  Published  April,  1987,  Department  of  Com¬ 
merce,  1981. 

1".  "Critical  Materials  Requirements  of  the  U.S.  Aerospace  Industry",  Department  of  Com¬ 
merce,  October,  1981. 

18.  E.  Hondros,  National  Physical  Laboratory,  United  Kingdom.  Private  communication  with 
the  author. 

19.  "Raw  Materials  and  Foreign  Policy",  International  Economic  Studies  Institute,  1976. 

70.  Batten  S.  Yoder,  Jr.  "Strategic  Minerals:  A  Critical  Research  Need  and  Opportunity", 
page  229-281,  Proceedings  of  the  American  Philosophical  Society,  Vol.  126,  No.  3,1987. 

71.  "Critical  Materials  Requirements  of  the  U.S.  Steel  Industry,  U.S.  Department  of  Com¬ 

merce,  March,  1983. 

77.  John  B.  Wachtman,  Jr.  "National  Materials  Policy:  Critical  Materials  and  Opportuni¬ 
ties",  American  Ceramic  Society  Bulletin,  Vol.  6l,  No.  2,  pp  218-220,  Pebruary,  1982. 


I 


23.  "COSAM  Program  Overview  -  Conservation  of  Strategic  Aerospace  Materials",  NASA  Techni¬ 
cal  Memorandum  83006,  October,  1982. 

28.  "Survey:  Materials  Life  Cycle  Research  and  Development  In  the  Federal  Government  Fis¬ 
cal  Year  1980",  Prepared  for  the  Committee  on  Materials  (COMAT),  National  Bureau  of 
Standards,  September,  1981. 

25.  "Seventh  Biennial  Conference  on  National  Materials  Policy",  Conference  sponsored  by  ] 

the  Federation  of  Materials  Societies,  Report  transmitted  \o  the  Committee  on  Science 
and  Technology,  U.S.  House  of  Representatives,  U.S.  Government  Printing  Office, 

March,  1983.  j 


Table  1.  Net  Imports  as  a  percent  of  consumption  In  1977 


Material 

U.S. 

E.E.C. 

Japan 

COMECON 

Manganese 

98 

100 

99 

3 

Cobalt 

97 

100 

100 

68 

Bauxite 

91 

97 

100 

28 

Chromium 

91 

100 

98 

2 

Asbestos 

85 

90 

98 

1 

Nickel 

70 

100 

100 

13 

Zinc 

87 

91 

78 

9 

Iron  Ore 

98 

82 

100 

5 

Silver 

36 

93 

71 

10 

Copper 

13 

100 

97 

A 

Lead 

13 

76 

78 

3 

Phosphate 

Export 

99 

100 

23 

Source:  Bureau 

of  Mines 

data . 

Table  P 


Major  foreign  sources  of  the 
U.S.  supply  during  197A-1977 


Materia  1 


Countries 


Manganese 

Cobalt 

Bauxite  and  Alumina 

Chromium 

Asbestos 

Nickel 

Zinc 

Iron  Ore 
Silver 
Copper 
I.ead 

Phosphate 


flabon,  Brazil,  South  Africa 
Zaire,  Belg.-Lux.,  Zambia,  Finland 
Jamaica,  Australia,  Surinam 
S.  Africa,  U.3.5.R.,  Zimbabwe,  Turkey 
Canada,  3,  Africa 

Canada,  Norway,  New  Caledonia,  Dom.  Republic 
Canada,  Mexico,  Australia,  Belg . -Luxemburg 
Canada,  Venezuela,  Brazil,  Liberia 
Canada,  Mexico,  Peru,  United  Kingdom 
Canada,  Chile,  Peru,  Zambia 
Canada,  Mexico,  Peru,  Zambia 
U.3.  is  a  major  exporter 


Source:  Bureau  of  Mines  data. 


Material 


A 1 umlnum 

Chromium 

Cobalt 

•'o’.umbluir. 

Copper 

Fluorspar 

Iron  Ore 

Lead 

Manganese- 

Mercury 

Natural  rubber 
Nickel 
Phosphate 
Plat lnum 
Tin 

Titanium 

Tungsten 

Vanadium 

Zinc 


Table  1.  Selected  lists  of  critical  materials 


197A  Council* 


X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


1977  Review  •• 


X 

X 

X 

X 


X 

X 


•Council  on  International  Economic  Policy 
••Interagency  Hevlew  of  Federal  Nonfuel  Minerals  Policy 


Most  Critical 


Tantalum 
Chromium 
Platinum 
Columblum  (Nb) 

Manganese 

Cobalt 


Table  A.  Analysis  of  materials  critical  to  the 
United  States  in  1983  by  the  Metals 
Properties  Council 


Middle 


Least  Critical* 


Vanadium 

Rhenium 

Titanium 

Tungsten 

Silver 

Nickel 

Sold 


Aluminum 

Copper 

Molybdenum 

Magnesium 

Iron 


Table  9.  The  four  most  important  strategic  and 

critical  metals  to  the  U.S.  according  to 
the  U.S.  Bureau  of  Mines 

Chromium 

Cobalt 

Manganese 

Platinum  group 
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Table  6.  Possible  problems  In  mineral  supply 
as  classified  by  L.L.  Flschman 

Long-term  problems  (persistent,  or  trend  problems) 

.  Monopolistic  control  of  prices 

.  Long-term  exposure  to  short-term  supply  contingencies 
.  Lee  lining  domestic  processing  capacity 
.  Steep  price  rises 
.  Depressed  prices 
.  Price  Instability 
.  Physical  supply  stringency 

Short-term  contingencies 

.  Actions  by  foreign  governments  or  other  entitles  Intended  to  disrupt 
supplies  or  raise  prices 

.  Actions  or  events  that  might  Incidentally  disrupt  supplies 
Generalized  demand  surges 
.  Natural  disasters 


Table  7.  Chromium  consumption  in  the  U.S.  by  use 


Use  Percent 

Metal  production  69 
Chemicals  18 
Refractories  13 

Metals  Use  Breakdown 

Stainless  steel3  69.8 
Other  steels  22.5 
Superalloys  2.5 
Other  5-2 


Total  use  In  the  U.S.  358  thousand  tons 

In  1976  contained  Cr. 


Source:  National  Materials  Advisory  Board  based  on  Bureau  of  Mines  data. 


Table  8.  World  chromium  ore  resources  and  potential  reserves 


Country 

Known  Ore 

Reserves 

Known  Potential  Ore 

South  Africa 

62.9 

76.5 

Zimbabwe 

32.7 

20.5 

USSR 

1.2 

0.8 

Phllllpplnes 

0.3 

<0.05 

Turkey 

0.1 

0.2 

All  others 

3-3 

2.0 

World  total  In 
million  short  tons 

1,918 

3,089 

Source:  National 

Materials  Advisory 

Board  based 

on  Bureau  of  Mines  data 

Table  9- 

Use 

Cobalt  uses  In  the  United  States 

Percent 

Super  Alloys 

30 

Magnetic  materials 

20 

Tool  bits  and  dies 

15 

Catalysts 

15 

Driers 

15 

Other 

5 

20  million  pound  per  year  total 
Source:  J.K.  Tien  et  al. 
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Table  10.  Estimated  1979  world  cobalt  production, 
million  pounds 

Country  Mine  Production  Reserves  Resources 


*1  t* 

0 

0 

1,700 

Canada 

66 

596 

Cuba 

1.6 

no 

2,380 

u.s.s.H. 

u .  u 

H60 

900 

Zaire 

2 '} 

l  ,oon 

1,900 

Zambia 

(y 

250 

770 

Oceania 

19.2 

1,130 

Wo  r  1-1  Total 

71  .*■ 

3,272 

9,996 

Seabed  Nodules 

_ 

900,000 

Cource:  J.K.  Tien,  et.al. 


Table  11.  World  production  of  platinum-group  metals 
In  1976 


Country 

Troy  Ounces 

Percent 

u .  s ,  r»  •  r  . 

’,090,000 

98.0 

South  Africa 

2,950,000 

-6.9 

Canada 

279,000 

k  .  9 

Colombia 

26,000 

0.9 

United  States 

8.300 

0.1 

Other 

37,000 

0.6 

Table  12. 

Recent  and  forecast  annual 

consumption 

by  application 

Application 

1978 

Beyond  1988 

Troy  Oz. 

1 

Troy  Oz . 

1 

Automobile/ 

399,000 

98.6 

500,000 

29.2 

Truck 

Electrical/ 

90,000 

12.3 

238  ,000 

13-9 

Electronic 

Petroleum 

79.000 

10.2 

25  ,000 

1.8 

Processing 

Glass/CJlass 

60,000 

8.2 

85,000 

5-0 

Plber 

Ammonia 

58,000 

8.0 

62  ,000 

3.6 

Oxidation 

Jewelry 

35.000 

9.8 

225,000 

13.1 

Dentistry/ 

27,000 

3.7 

95,000 

2.6 

Medicine 

Chemicals 

26,000 

3.5 

25,000 

1.8 

Processing 

Off-the-Road 

3,000 

0.8 

5,000 

0.3 

Vehlc lea 

Puel  Celia 

1,000 

0.1 

380,000 

19.8 

Total 

729,000 

1,866,000 

Table  13.  A  classification  of  the  range  of  responses 
to  problems  of  minerals  supply 

Purpose  Time  Scale 


Alternate 

Supply 


Performance 
by  alternate 

materials 


Short-term 

1.  Stockpiling 

2.  Allocation 

3.  Recycling 
A.  information 

stockpile 


Long-term 

5.  International  Relations 

6.  Domestic  Production 

7.  Research  A  Development 


8.  Dissemination  of  Substitution 
Technology 


Tabic  l1*.  national  defense  stockpile  Inventory 

or  the  four  strategic  and  critical  metals 
taken  to  be  most  Important  In  tbl3  paper 


Commodity 

Unit 

1980  Goal 

I  nventory 

Chromium,  Chem.  4 
Met.  Trade 

liT 

Cr  metal 

1,351,000 

1,  328,921 

Chromite ,  Re f . 
Grade  Ore 

SPT 

850,000 

391,919 

Cobalt 

Lb 

Co 

85 ,900 ,000 

90,802,305 

Manganese,  I ioxlde 
Battery  Grade 

run 

87,000 

212,1  36 

Manganese,  Chem 

4  Met .  Group 
Platinum  Group 

ST 

Mn 

1,500,000 

1  ,970,000 

Irldum 

Tr 

02 

98 , JOO 

16,990 

Pa  1 1 adlum 

7r 

Oz 

3,000,000 

1 ,256,00  3 

Platinum 

Tr 

)z 

1,310,000 

952  ,692 

Table 

1(>. 

Estimated  possible 

levels  of  reduction  by 

year  2000  In  aerospace  requirements  for 
selected  critical  materials  through  technical 
development  s 

Possible  percent  reduction  In  fly  weight  per  typical  advanced 
aircraft : 


Co 


(Ugh  Reduction  ‘jO  80 

I,ow  Reduction  0  20 


Possible  percent  reduction  in  buy  weight,  for  a  given  fly  weight, 
through  reduced  processing  losses  by  using  near  net  shape  processing 

High  Reduction  30  50 

Low  Reduction  10  25 

Possible  Increase  In  the  percentage  recycled: 

Current  56  59 

High  Possible  66  79 

Low  Possltle  61  66 


Technology  Coal 

Table  16. 

Distribution  of  R  &  [)  funding 
materials  by  technology  goal 

Funding  in  $1000 

for  critical 

Plrect 

Related 

Total 

Substitution 

9,698 

13,960 

"23,609 

New  Sources 

10,258 

2,523 

12,781 

Rec  laraat  lori 

560 

1,850 

2,910 

Life  Extension 

28,010 

3,060 

31,070 

Conservation 

1,585 

2,900 

3,985 

Total ,  all  Technology 

50,061 

23,793 

73,858 
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SUMMARY 


The  study  analyses  the  political  and  strategic  factors  affecting  the  supply  of 
certain  raw  materials  critical  to  the  European  NATO  aerospace  industry.  For  various 
reasons,  including  potential  political  instability,  concentration  of  sources,  small 
scale  of  production  and  technological-industrial  problems,  chromium,  cobalt,  hafnium, 
manganese,  niobium,  titanium,  tungsten  and  vanadium  are  all  considered  to  a  degree 
at  risk. 


1 .  INTRODUCTION 

Much  simplistic  polemic  has  appeared  on  the  subject  of  strategic  raw  materials, 
but  it  is  in  reality  a  complex  topic  involving  aspects  of  many  substantive  fields, 
including  particularly,  geology,  technology,  economics  and  politics  with  geopolitics 
(Pig  1). 

Definitions 

With  regard  to  raw  materials,  the  term  ’critical’  has  normally  been  taken  to  imply  a 
high  degree  of  need  within  the  defence  industry.  However  owing  to  the  wide  ranging 
nature  of  that  industry,  allied  to  the  fact  that  national  power  involves  the  total 
economic  base,  criticality  has  been  applied  more  broadly . (1) In  the  present  context  the 
term  is  related  to  one  specific  industry  (Fig  ?). 


The  term  'strategic'  has  been  used  to  denote  a  high  level  of  import  dependence  and 
therefore  geopolitical  vulnerability .( ? ) 

Recent  literature  has  tended  to  combine  all  aspects  of  vulnerability  ar.d  dependence  in 
the  one  term  'strategic'.  In  the  present  study,  for  a  raw  material  to  be  thus 
designated  the  following  conditions  must  obtain: 

(a)  there  must  be  a  marked  degree  of  Import  dependence; 

(b)  there  must  be  a  very  limited  number  of  significant  suppliers; 

(c)  the  material  must  be  critical  for  the  aerospace  and  directly 
associated  Industries. 

All  the  criteria  can  be  qualified.  For  example  rather  than  a  total  geological  absence 
of  a  raw  material,  Import  dependence  may  only  imply  that  the  costs  of  domestic 
recovery  are  at  present  uneconomic.  Again,  import  dependence  may  result  from  a  lack 
of  technology,  energy  sources  or  sufficient  market  incentive.  For  these  reasons  many 
countries  import  partly  processed  ores  and  ferro  materials. 

Vulnerability  clearly  results  when  there  is  concentration  on  only  a  few  sources  which 
between  them  supply  a  high  proportion  of  the  raw  material  (Fig  3).  In  general  terms 
the  fewer  the  sources  the  greater  the  vulnerability  although  obviously  the  reliability 
of  each  must  be  taken  into  consideration.  When  there  are  only  limited  world  producers 
of  a  particular  mineral,  there  is  no  escape  from  concentrator  but  in  other  cases, 
reliance  on  a  few  sources  My  occur  for  other  reasons  such  as  historical  connections  or 
the  quality  of  the  product.  At  a  stage  further  removed,  the  known  pattern  of  world 
reserves  may  dictate  that  at  least  in  the  short  to  medium  term  there  is  no  alternative 
to  concentration.  Furthermore  there  My  be  indirect  dependence  when  imports  are  taken 
from  one  country  which  Itself  obtains  supplies  from  another.  For  example  cobalt  stay 
be  obtained  directly  from  Belgium  •  Luxembourg  but  the  true  relianoe  is  upon  Zaire, 
the  original  source.  Moreover  the  picture  can  be  altered  radically  by  substitution 
and  recycling. 

A  further  element  to  be  considered  is  the  scale  of  world  production  since  if  a  raw 
Mterial  la  scarce  and  also  only  available  in  sMll  quantities  it  is  far  more 
vulnerable.  (?)  Not  only  can  supplies  be  comparatively  easily  interdicted  but  investors 
can  affect  the  market.  On  the  other  hand,  transport  can  perhaps  be  by  air  and 
stockpiling  is  a  more  reasonable  proposition,  conversely  if  an  Industry  uses  very 


large  amounts  of  raw  material,  speculation  la  unlikely  to  affect  supplies  but  stock¬ 
piling  presents  far  greater  problems. 

In  some  ways  advancing  technology  reinforces  dependence.  For  example,  once  a  particular 
metal  has  been  accepted  within  an  alloy,  the  time  required  for  substitution  together 
with  all  the  testing  militates  against  changes,  Furthermore  any  substitute  is  unlikely 
to  be  completely  congruent  in  all  the  characteristics  required.  A  further  point  of 
significance  is  that  most  of  the  strategic  raw  materials  have  a  range  of  usea,  many  of 
which  are  not  connected  directly  with  sensitive  industry.  Therefore  the  approximate 
percentage  of  use  which  can  be  validly  labelled  strategic,  needs  to  be  ascertained. 

If  of  course  this  is  only  a  minor  percentage,  then  other  supplies  can,  IT  the  expertise 
is  available,  be  converted  in  time  of  stress.  If  on  the  other  hand  most  of  the  raw 
material  Is  used  in  strategic  industry  this  renders  the  situation  even  more  acute. 

There  Is  also  the  question  of  relative  cost  in  that  the  coat  of  the  strategic  may  be 
very  limited  compared  with  the  overall  cost  of  the  equipment.  Therefore  a  large  price 
rise  would  have  little  effect  on  uaage.  On  the  other  hand  of  course,  the  materials 
used  in  bulk  are  very  much  more  sensitive  to  price  rises. 


Political  pressures 

If  a  raw  material  comes  from  basically  one  foreign  source,  no  matter  how  close  that 
source  geographically  or  Ideologically,  there  must  always  be  some  vulnerability. 

Political  change  may  occur,  local  events  such  as  strikes  may  affect  supplies  and 
perhaps,  more  obviously,  the  country  may  require  the  material  for  itself  and  limit 
exports.  Thus  even  supplies  from  within  European  NATO  itself  cannot  be  considered 
t  'tally  safe. 

The  same  problems  apply  to  sources  in  the  USA  and  Canada  with  the  additional  problem 
cf  the  ’Atlantic  Bridge’.  The  difficulty  of  shipping  raw  materials  across  the  Atlantic 
wi*i  iepend  of  course  upon  the  length  of  time  during  the  build-up  to  any  conflict. 

With  a  period  of  Increasing  tension,  it  is  possible  that  sufficient  strategic  raw 
materials  could  reach  Europe,  but  on  the  other  hand,  the  sudden  war  scenario  precludes 
such  movements. 

Several  neutral  countries  such  as  Finland,  Sweden  and  Austria  provide  strategic 
naterials  and  during  e  period  of  tension,  it  is  more  difficult  to  foresee  their  reaction. 
Finland  in  particular  enjoys  close  relations  with  the  USSR  and  la  clearly  susceptible 
to  Russian  pressure. 

European  NATO  is  also  dependent  upon  materials  from  Australis,  South-east  Asia,  Japan 
and  China.  These  very  extended  aealanea  of  communication.  Impossible  to  protect  other 
■  han  at  particularly  sensitive  points.  Indicate  a  further  source  or  vulnerability, 
with  a  transit  period  of  more  than  four  weeks,  the  time  factor  becomes  especially 

important . 

Furthermore  European  NATO  depends  to  a  certain  extent  upon  supplies  from  Centrally 
Planned  Economies  (CPEs),  particularly  the  USSR  and  China.  These  of  course  represent 
a  different  order  of  vulnerability  in  that,  in  the  event  of  increasing  tension,  it  can 
be  assumed  that  supplies  would  be  denied.  However  at  present  It  seems  highly 
improbable  that  the  two  main  suppliers  would  act  together.  Other  CPEa  Involved  in  such 
trade  include  Yugoslavia,  Albania  and  a  number  of  African  states,  notably  Qabon.  In 
the  case  of  the  latter  group,  the  fear  must  be  that  Soviet  pressure  could  lead  to  a 
■hange  of  trading  practice.  However  such  developing  countries  are  particularly 
dependent  upon  revenues  from  their  raw  materials  and  the  USSR  is  generally  unable  to 
supply  economic  aid  other  than  that  involving  arras. 

Nonetheless  the  Importance  of  a  particular  raw  material  within  the  export  trade  of  a 
country  must  be  considered.  For  example  if  it  accounts  for  only  some  1*  or  2i  of  the 
total  value,  supplies  to  consumers  might  be  reduced  or  halted  with  only  very  modest 
effects  Internally. 

Finally,  southern  Africa  (5)  needs  to  be  treated  separately.  Not  only  is  it  a  highly 
volatile  area  with  the  USSR  and  its  surrogates  Involved,  but  It  is  a  long  way  from 
Europe  and  South  Africa  Itself  of  course  poses  a  number  of  moral  problems  (Fig  4). 

Thus  in  the  case  of  all  the  major  suppliers:  USA,  Canada,  Australia  and  South  Africa, 
there  are  potential  difficulties.  For  example  even  in  the  case  of  the  USA,  titanium 
supplies  were  stopped  at  one  stage  and  the  total  output  was  diverted  for  domestic 
consumption.  The  nickel  supplies  from  Sudbury  were  affected  by  an  eighteen  month 
long  strike  while  in  Australia  industrial  relations  problems  are  also  a  potential 
hatard.  In  contrast  to  these.  South  Africa  la  a  consiatent  and  regular  supplier 
but,  some  would  say,  at  what  coat?  The  long  term  outlook  for  South  Africa  must  cause 
some  alarm.  (4)  These  are  of  course  all  peace  time  scenarios  and  in  ths  event  of 
war  the  maintenance  of  supplies  could  only  be  guaranteed  through  stockpiles. 

A  further  potential  difficulty  has  resulted  from  the  development  in  the  supplier 
countries  of  refining,  beneflciatlon  and  further  stages  of  manufacturing.  Thus  the 
materials  appear  in  trade  in  seal-processed  form  and  processing  facilities  become 
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redundant  in  the  consumer  countries.  They  therefore  become  dependent  upon  the 
producers  not  only  for  the  ore  but  also  for  the  further  stages  involved.  This  in  turn 
of  course  affects  the  form  in  which  materials  can  be  stockpiled  and  poses  problems  of 
stockpile  conservation  and  maintenance. 

In  conditions  short  of  an  incipient  superpower  conflict,  supply  problems  can  be  looaed 
at  over  a  number  of  time  spans.  In  the  very  short  to  short  term,  price  changes  are 
likely  to  exercise  the  major  influence.  These  could  be  generated  by  anything  from  a 
natural  catastrophe  to  trade  union  activity  or  stock  market  neurosis  although  for 
various  reasons  the  development  of  cartels  is  judged  unlikely.  In  the  short  to  medium 
term  local  conflicts  or  extreme  Industrial  action  are  likely  to  exercise  the  greatest 
influence.  The  problems  of  maintaining  cobalt  supplies  from  3haba  province,  Zaire, 
in  1^78  and  the  prolonged  strike  at  Sudbury  in  1969  are  examples.  The  most  obvious 
long  term  blockage  would  probably  result  from  the  actions  of  the  USSR  in  South  Africa. 

In  peace  time  the  most  likely  problems  would  seem  to  be  those  caused  on  a  local  level 
over  a  short  to  medium  time  span.  These  might  involve:  normal  market  fluctuations, 
industrial  action,  civil  unrest,  local  conflict  or  sabotage. 

However,  it  must  be  stated  that  in  attempting  to  construct  any  model  which  might  be 
applied  to  identify  which  raw  materials  can  be  considered  strategic,  the  geopolitical 
input  is  as  yet  more  speculative  and  less  sophisticated  than  for  example  the 
geological  (Fig  1).' 

The  aerospace  Industry 

According  to  a  recent  survey  (8)  the  following  European  NATO  countries  are  concerned 
with  production  in  different  areas  of  the  industry: 

(a)  Multinational  aircraft:  Italy,  France,  the  UK  and  West  Germany; 

(b)  Military  aircraft:  France,  the  UK,  Italy,  the  Netherlands  and  West  Germany; 

(c)  RPVs  and  Drones:  Belgium,  the  UK,  Prance,  Italy  and  West  Germany; 

(d)  Surface  erfect  vehicles:  France  and  the  UK; 

(e)  Spacecraft:  France,  European  Space  Agency  (ESA)  and  NATO; 

(f)  Research  rockets:  France  and  the  UK; 

(g)  Missiles:  France,  the  UK,  Norway  and  Wet*  Germany; 

(h)  Gas  turbine  engines:  France,  the  UK,  Italy  and  West  Oermany; 

(i)  Rotary  wing  aircraft:  France,  the  UK,  Italy  and  West  Germany. 

Thus  European  NATO  is  well  represented  in  all  branches  of  development  and  research  in 
the  aerospace  industry  although  four  countries  are  particularly  dominant. 

In  investigating  the  raw  materials  considered  strategic  for  the  aerospace  industry 
Pig  2),  the  vast  range  of  products  must  be  borne  in  mind.  Apart  from  this  the  machine 
tools  and  a  wide  variety  of  other  equipment  required  to  construct  them  must  be  consid¬ 
ered.  Thus  if  the  line  of  production  is  followed  back,  many  other  materials  not 
directly  involved  in  the  actual  manufacture  of  aircraft  could  be  designated  strategic. 

A  further  example  of  the  variety  of  components  involved  can  be  given  if  the  control 
systems  are  considered.  The  operation  of  the  engine  and  other  vital  units  is  often  con¬ 
trolled  by  computer  and  electronic  systems.  Thus  the  whole  field  of  semi-conductors 
becomes  vital  to  the  aerospace  industry  and  this  of  course  has  its  own  strategic 
requirements . 

Raw  materials 

Problems  with  the  collection  and  anlysis  of  world-wide  data  on  the  production  and 
reserves  of  raw  materials  together  with  the  pattern  of  trade,  have  been  well  rehearsed 
elsewhere.  However  the  points  particularly  relevant  to  the  materials  under  consideration 
in  the  present  study  need  to  be  stressed.  Several  strategics  are  produced  through 
comparatively  small  companies  in  Third  World  countries  and  there  must  always  exist  some 
doubt  as  to  the  reliability  of  production  data.  Furthermore  in  any  country  where  only 
one  or  two  firms  are  Involved  there  is  often  a  problem  of  confidentiality.  This  may 
result  in  no  figures  being  listed  or  a  broad  estimate  being  included.  Then  the 
ma( eriala  themselves  may  come  in  a  variety  of  grades  and  beneficiated  states,  and 
equating  these  causes  problems.  Furthermore  Increasingly ,  recycled  sources  are  coming 
into  play,  frequently  in  countries  not  concerned  with  ore  production,  and  assessment 
of  the  magnitude  of  production  particularly  of  new  scrap,  may  again  be  conjectural. 

This  obtains  particularly  when  both  old  and  new  scrap  are  concerned.  As  was  shown 
earlier,  the  scale  of  production  has  a  very  great  bearing  upon  problems  of 
vulnerability  and  dependence. 

With  regard  to  reserves  the  definition  itself  depends  upon  the  current  technological 
state  within  a  specific  country  and  upon  the  economics  of  world  trade  'n  that 
particular  material.  It  is  therefore  often  a  gross  estimate  based  on  a  number  of 
assumptions,  especially  about  the  consistency  of  the  ore  bearing  body.  Reserves,  or 
economic  resources,  are  defined  within  the  Institute  of  Oeological  Sciences  as  those 
mineral  resources  which  are  workable  under  present  socio-economic  conditions.  With 


trie  development  of  offshore  mining  with  Its  attendant  law  of  the  sea  problems,  and 
[oasibly  the  exploitation  of  Antarctica,  difficulties  of  estimating  resources  are 
likely  to  increase. 

While  the  raw  materials  specified  chromium,  cobalt,  hafnium,  niobium,  tantalum, 
manganese,  molybdenum,  titanium,  tungsten,  vanadium,  yttrium)  have  formed  the  basis 
of  the  study,  it  has  been  possible  to  identify  others  which  are  considered  strategic 
within  the  industry.  Even  iron,  one  of  the  most  commonly  occurring  of  all  elements, 
could  be  considered  strategic  in  that  production  tends  to  be  concentrated  in  a  few 
areas  and  there  is  a  tendency  towards  dependence  on  one  or  two  countries  for  supplies. 
However  since  there  has  never  been  any  question  of  its  being  in  short  supply,  iron  has 
not  beer  included.  Nickel,  also  abundant,  is  even  more  concentrated  in  its  source  of 
supply  and  difficulties  could  be  foreseen.  Among  the  other  metals  identified  sb 
important  or  potentially  important  are:  beryllium,  germanium,  lithium  and  zirconium. 

While  some  of  the  metals,  for  example  tungsten,  are  vital  by  themselves  most  are 
important  in  the  formation  of  alloys.  The  major  alloys  in  the  aerospace  industry  are 
those  based  on  aluminium,  nickel,  steel  and  titanium.  In  engine  production  nickel, 
steel  and  titanium  are  used  respectively  for  the  hot  end,  centre  and  the  cold  end. 

When  combined  with  these  basic  metals,  often  in  small  quantities,  the  other  strategics 
confer  a  variety  of  properties  on  the  alloy.  The  major  necessities  are  resistance  to 
nigh  temperature,  corrosion  and  wear.  These  strategics  thus  provide  hardness, 
strength.,  stiffness,  oxidation  resistance  and  a  number  of  more  specialised  properties 
such  as  stabilisation  and  grain  size  control.  Within  any  one  alloy  there  ia 
*  he re  fore  a  very  sophisticated  and  complex  balance  and  thia  militates  strongly  against 
substitution  over  any  but  a  medium  time  apace.  Normally  for  a  key  engine  alloy,  with 
all  the  re-teatirg  required  thia  might  extend  to  five  years.  Certain  of  the  strategics 
are  also  used  externally  as  coatings  or  sprays  or  in  a  way  to  confer  certain  properties 
on  the  surface  molecular  layers.  To  try  alternatives  or  reduce  levels  of  a  particular 
metal  thus  requires  acceptance  trials.  The  leaner  compositions  might  operate  as 
efficiently  but  thia  means  long  terr.  evaluation.  Furthermore  since  the  length  of 
service  expected  is  a  vital  element  there  will  be  ar.  even  greater  time  lag  in  adoption. 
In  the  aerospace  industry  there  Is  of  course  research  and  development  to  minimise 
need  for  particular  metals  without  sacrificing  quality.  However  designs  are  produced 
without  the  factors  of  mineral  economic*  in  mind.  It  is  clearly  vital  to  have 
flexibility  of  design  consistent  with  technology.  Since  the  market  price  ia  likely 
to  fluctuate,  it  would  be  impossible  to  design  for  known  economic  circumstances.  Such 
rapid  price  changes  have  been  seen  over  the  recent  past  in  the  cases  of  cobalt,  with 
the  Shaba  province  conflict,  titanium  with  the  Russian  withdrawal  Trom  the  market  and 
tantalum. 

The  aerospace  industry  thus  uses  low  volumes  of  high  quality  and  high  price  alloys. 

The  main  consideration  must  always  be  the  characteristics  of  the  metals  not  their 
coats  or  availability.  The  thrust  of  development  is  to  improve  the  maximum 
power:welght  ratio  and  to  extract  the  optimum  performance  at  minimum  weight. 

Furthermore  the  element  of  reliability  is  always  pre-eminent  and  in  the  caae  of 
military  aeroapace  equipment,  thie  might  be  described  as  ultra-reliability .  As  the 
criticality  of  a  particular  alloy  ia  related  so  closely  to  its  usage,  there  must  always 
be  major  problems  when  substitution  is  contemplated.  The  properties  of  a  potential 
substitute  may  be  compared  with  that  of  its  rival  and  clearly  the  two  can  never  be 
entirely  congruent.  Thus  difficulties  may  arise  not  in  long  term  performance  or 
resistance  in  hot  corrosive  environments  but  in  terms  of  simple  engineering. 

Furthermore  the  increased  concentration  on  another  element  may  not  only  affect  the 
design  but  may  make  a  change  in  strategic  vulnerability. 

The  question  must  be  asked  as  to  what  is  the  true  economic  value.  It  may  well  be 
that  the  coat  of  certain  raw  materials  la  very  small  compared  with  what  is  at  stake, 
particularly  in  military  fields.  With  the  development  of  technology,  the  requirements 
for  the  construction  of  a  particular  piece  of  equipment  will  diminish  as  the  buy: fly 
ratio  improves.  Indeed  with  the  uae  of  powder  alloys  and  pressure  moulding  the  amount 
of  waste  has  decreased  significantly.  However  overall  the  need  for  strategics  is 
likely  to  Increase  as  a  result  of  the  broadening  range  of  products  and  coats  overall 
will  show  an  increase  through  price  Increases. 

Thus  substitution  in  so  sophisticated  an  areas  as  the  aeroapace  industry  is  very 
complex.  As  higher  thrust  is  achieved,  the  environments  in  which  tne  equipment  haa 
to  operate  become  increasingly  hoatile,  the  requirement*  become  more  specific  and 
the  possibility  of  using  alternative  materials  diminishes.  At  present  for  type  testing 
engines  require  ISO  hours'  running  time  before  being  sealed  and  certified.  Any  changes 
require  a  further  type  teat  to  prove  the  new  alloy.  At  a  minimum  this  would  take 
several  montha,  coating  perhaps  half  a  million  pounds.  Therefore  before  any  change 
could  be  seen  in  the  consumption  pattern,  between  four  and  five  years  might  ba  required 
Complete  changes  could  take  up  to  ten  year*  although  obviously  in  times  of  war 
standards  would  be  changed  and  these  time  spans  would  have  to  be  greatly  reduced. 

Furthermore,  apart  from  the  scientific  and  technological  problems,  substitution  stay 
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be  constrained  by: 

(a)  difficulties  such  as  inertia  and  Investment  provision 
within  the  industrial  structure  Itself; 

(b)  social  factors  ranging  from  employment  provision 
to  pollution; 

(c)  psychological  problems  particularly  those  concerned 
with  resistance  to  change. 

Recycling  also  of  course  affects  supply  problems  and  can  lead  to  diminished  vulnerab¬ 
ility.  In  the  case  of  alloys  containing  only  a  very  small  percentage  of  the  particular 
metal  there  are  obvious  problems  but  the  recovery  Industry  is  itself  developing  a  new 
range  of  techniques.  Of  particular  interest  is  the  recovery  of  germanium  from  flue 
dust  and  other  minerals  such  as  vanadium  may  be  recovered  from  pulverised  ash.  Since 
the  material  requires  little  in  the  way  of  transport  costs  and  is  already  in  a  form 
amenable  to  mineral  extraction,  far  lower  concentrations  than  those  obtaining  in  ore 
can  be  considered  potentially  viable. 

Commercial  aspects 

In  examining  potential  blockages  and  even  the  amount  of  any  mineral  in  transit  between 
the  mine  and  the  aerospace  Industry,  the  various  stages  in  the  commercial  pipeline  need 
to  be  taken  into  account  (Fig  5).  In  most  cases  there  is  an  elemental  supplier  who 
imports  the  mineral  and  then  despatches  it  to  the  alloy  manufacturer.  From  there  it 
goes  for  fabrication  before  finally  appearing  at  a  particular  unit  of  the  aerospace 
industry.  Thus  there  may  be  four  or  five  stages  in  the  cycle  since  it  would  normally 
be  considered  prohibitively  expensive  for  the  manufacturer  to  deal  directly  with  the 
raw  material  supplier.  However  to  guard  against  potential  problems  certain  companies 
in  the  aerospace  industry  have  entered  directly  into  long  term  contracts  with  the 
suppliers.  This  has  been  the  case  with  particularly  vulnerable  metals  such  as  cobalt 
and  titanium.  This  development  may' become  more  common  as  with  economic  recovery  in  the 
West  prices  are  bound  to  rise  and  there  could  be  more  industrial  unrest.  It  rauBt  always 
be  remembered  in  this  context  that  the  smallest  gap  between  supply  and  demand  can  lead 
to  a  very  large  price  rise. 

The  amount  of  a  mineral  in  the  pipeline,  awaiting  processing,  etc.  can  be  considered 
part  of  the  stockpile.  With  the  current  recession  and  cash  flow  problems,  most 
companies  hold  only  minimal  stocks  but  clearly  a  national  stockpile  under  government 
co-ordination  and  control  could  alleviate  at  least  short  term  stoppages  in  supply. 
Government  subsidised  private  stockpiles  might  also  provide  an  answer,  but  there  would 
need  to  be  clear  guidlines  about  when  the  material  could  be  used.  Furthermore  for  any 
stockpile  the  form  and  quality  of  the  raw  material  is  crucial.  With  reduced  refining 
capacity  for  certain  metals  it  would  be  necessary  to  stockpile  in  beneflciated  or  even 
semi-manufactured  form.  Since  it  is  the  practice  for  aerospace  procurement  to  plan  for 
up  to  five  years  ahead,  the  stockpile  requirements  could  be  reasonably  assessed. 
Information  on  European  stockpiles  is  thin  but  it  is  known  that  France  has  fairly 
substantial  provision  which  will  be  worth  some  H00  million  by  1985  while  the  UK  has 
spent  Iito-<i5  million  to  stockpile  cobalt,  chromium,  manganese  and  vanadium.  Besides 
Japan  and  South  Korea,  Spain,  Sweden  and  Italy  all  operate  stockpiles  or  are  considering 
them.  (3)  With  regard  to  stockpile  maintenance  there  is  the  crucial  problem  of 
deterioration  since  many  minerals  need  to  be  stockpiled  in  a  highly  specific  form.  The 
answer  would  be  to  store  the  material  at  one  stage  further  back  in  the  manufacturing 
process,  but  this  presupposes  that  there  is  plant  available  to  effect  the  final 
conversion.  If  such  plant  is  not  present  and  could  not  be  economically  established 
for  the  amount  of  material  used,  there  must  be  a  depends:  -y  upon  a  country  possibly 
totally  different  from  the  original  source,  For  example,  Japan  processes  a  range  of 
materials  such  as  silicon  wafers  and  provides  for  them  a  major  world  repository. 

An  Important  addition  to  any  stockpile  would  be  a  data  bank  containing  details  of 
researched  projects  on  such  vital  topics  as  substitution,  conversion  within  the 
economy  and  recycling. 

When  supplies  are  limited  and  particularly  where  the  usage  is  highly  specific. 

Investors  may  affect  the  commercial  flow  of  the  market.  In  general  investment  in 
strategic  minerals  is  not  a  common  way  of  building  a  portfolio  but  there  are 
several  brokers  specialising  in  the  field  (9)  Aa  yet  there  has  been  little  if  any 
experience  of  selling  under  incipient  conflict  conditions  to  manufacturers.  A 
strategics  portfolio  is  of  course  a  private  stockpile  and  in  the  USA  tax  relief  through 
the  so-called  'Blue  Sky'  fund  is  planned.  The  recipient  would  agree  to  sell  at  a 
particular  price,  thus  removing  the  major  potential  blockage  in  the  system  and  indeed 
providing  useful  buffer  stocks.  However  when  problem  of  strstegic  mineral  supply 
are  considered  the  activities  of  Investors  must  be  taken  into  account,  although 
experience  shows  that  prloe  manipulation  may  be  successful  in  the  very  short  term, 
but  in  the  longer  term  it  has  slways  failed. 

Quoted  market  prices  refer  to  only  very  specific  forms  of  each  raw  material  and 
accordingly  their  use  as  a  guide  to  changing  strategic  status  has  been  criticised. 
Nonetheless  there  is  generally  a  relationship  between  them  and  the  materials  in  what 


i* 


mny  Ip  their  nor»  commonly  used  forms.  Further,  they  are  readily  obtainable  and  they 
Jo  encapsulate  a  range  of  factors,  geological,  political  and  economic.  In  this  context 
? hr rr fore  it  is  interesting  to  note  the  peak  price  period  during  1978-80  which  affected 
all  the  major  strategics  (Fig  t).  Thia  of  course  coincided  with  the  effective  start 
of  the  resource  war  soar*  .  (10)  The  subsequent  fall  in  prices  has  caused  a  temporary 
lull  It;  anxiety  but  has  ohviously  provided  a  good  time  for  atockpile  purchaaes.  As 
Western  economies  recover  Investment  Interest  can  be  expected  in  cobalt,  chromium, 
molybdenum,  niobium,  tantalum  and  titanium.  Additionally  and  possibly  of  more 
importance  in  the  long  term  strategic  argument,  hafnium  and  yttrium  will  come  under 
oonsiderat  ior.. 

rateglc  considerations 

The  following  key  points  therefore  emerge  for  detailed  attention  and  were  inveatigated 
through  interviews  and  literature  surveys: 

(a)  the  major  uses  for  the  aerospace  industry  of  each 
raw  material ; 

(b)  possible  substitution; 

to)  the  geographical  sources  of  each  raw  material,  the  scale 
of  production  and  the  extent  of  reserves;  (11-16) 

(d)  the  trading  patterns  leading  to  an  assessment  of 
dependence  by  European  NATO  countries; 

(e)  the  vulnerability  of  major  supply  sources. 

. .  RAW  MATERIALS 


Chroml ua 

Chromium  is  a  critical  component  of  many  alloy  steels  and  is  irreplaceable  at  anything 
approaching  the  same  price.  It  is  particularly  vital  in  all  heat-resistant  stainless 
steels  and  no  suitable  substitute  exists  for  it  in  high  pressure,  high  temperature, 
corrosive  environments.  Furthermore  in  most  of  the  alloys  in  which  it  is  found, 
chromium  is  the  major  metal  occupying  between  roughly  201  and  26*.  For  corrosion  res¬ 
istance  a  level  of  below  12*  results  in  markedly  decreasing  effectivness .  With 
developing  technology  its  use  in  the  chromlsing  alumina  treatment  of  the  surface  layers 
of  alloys,  giving  them  a  higher  oxidisation  resistance.  Is  becoming  increasingly 
important.  In  the  aerospace  industry  therefore  chromium  is  one  of  the  major  metals 
used,  particularly  for  the  production  of  steel-and-nickel  based  alloys.  For  its  other 
uses  in  less  exacting  environments,  substitutes  may  be  found  although  frequently  at 
higher  cost  and  lower  performance. 

Sources 


While  there  would  seem  to  be  potential  elsewhere,  notably  in  Brazil,  Sudan  and  China, 
chromium  lr.  workable  quantities  has  a  comparatively  limited  distribution.  Only  eight 
countries  each  produce  more  than  2*.  Output  is  dominated  by  South  Africa  (32*)  which 
has  shown  a  notable  increase  in  proportion  over  the  recent  past  and  the  USSR  (2 It)- 
Other  Important  producers  are  Zimbabwe  (6*),  Turkey  (6*)  and  the  Philippines  (4*)  all 
of  which  have  shown  a  general  decline,  and  Albania  (13*)  which  has  shown  an  increasing 
production.  Within  Europe  only  Albania,  Turkey  and  Finland  are  of  significance.  Des¬ 
pite  the  range  of  smaller  sources,  the  dependence  upon  only  one  major  producer 
outside  the  CPEs  represents  long  term  vulnerability. 

This  dependence  la  seen  to  be  even  more  acute  when  world  reserves  are  considered.  They 
are  virtually  completely  concentrated  in  southern  Africa  with  South  Africa  (68*)  and 
Zimbabwe  (30*).  In  fact  the  figure  for  South  Africa  la  somewhat  arbitrary  since 
reserves  to  a  depth  of  300  m  are  estimated  at  over  3,000,000,000  tonnea ,  a  figure  higher 
than  that  quoted  on  moat  lists  of  world  reserves.  Furthermore  South  Africa  has 
consolidated  its  pre-eminent  position  through  the  development  of  first  class 
technology.  The  argon-oxygen-decarbonisatic.i  procea*  has  been  developed  so  that  low 
grade  ores  can  be  used  to  produce  etalnlesa  ateel  at  very  competitive  prices.  Thus 
while  Zimbabwe  has  higher  grade  ore(the  thin  seams  and  comparatively  inefficient 
production  methods  render  it  increasingly  leas  competitive. 

Chromium  increasingly  enters  world  trade  as  ferro-chrome ,  which  itself  varies  in  degree 
of  beneficiatlon.  However  taking  it  as  basically  one  commodity,  it  can  be  seen  that 
South  Africa  again  plays  a  dominant  role.  In  1980  some  800,000  tonnes  of  ferro-chrome 
were  produced  amounting  to  60*  of  the  ferro-chrome  entering  world  trade  and  30*  of 
total  world  production.  3outh  Africa  in  fact  atockpllea  In  the  form  of  ferro-chromium 
since  this  is  more  iamiediately  usable  and  a  number  of  varietlea  can  be  retained.  The 
recovery  rate  is  about  9*. 

At  present  the  market  for  chromium  is  depressed  and  the  supply  of  ferro-chrome 
currently  exceeds  demand.  However  as  research  and  development  programmes  bear  fruit 
and  particularly  governments  implement  atockpile  programmes,  the  outlook  could  change. 


Ind-'tM  t  hr  United  States  Bureau  of  Mines  expects  demand  to  increase  from  the  1978 
bane  at  an  annual  rate  of  about  5.2*  up  to  1990. 

European  NATO  Trade 

Imports  of  chrome  ore  and  concentrates  Into  NATO  Europe  are  dominated  by  South  Africa 
which  accounts  for  about  90*  and  Is  by  far  the  major  supplier  to  all  the  main 
importers.  Other  Important  sources  are  Turkey,  Albania  and  Madagascar,  while  Finland 
and  ilreece  provide  supplies  on  a  much  smaller  scale,  and  the  USSR  has  varied  consid¬ 
erably  in  importance  over  the  recent  past.  The  Netherlands  and  (Jermany  are  re-export 
sources.  For  ferro-chrome ,  Zimbabwe,  South  Africa  and  Sweden  are  all  important, 
other  sources  being  Turkey,  Albania  and  Finland  with  Germany  the  major  re-export 
supplier.  The  movement  of  unwrought  and  wrought  chromium  is  very  small  and  sources 
are  mainly  within  NATO  Europe,  although  some  supplies  are  received  from  the  USA  and 
.Japan. 


Thus  the  vulnerability  of  European  NATO  is  all  too  evident  with  only  one  NATO  country, 
Turkey,  of  any  importance  as  a  source  of  chromium.  There  is  a  very  heavy  dependence 
:n  southern  Africa,  particularly  South  Africa  itself  while  Albania  as  a  CPE  and 
Finland  and  even  Sweden  as  neutral  countries  couid  pose  problems  of  reliability. 

Strategic  considerations 


"hromium  illustrates  a  clear  case  of  strategic  vulnerability  with  very  heavy  reliance 
.pen  one  source  outside  the  CPEs.  Furthermore  with  suppliers  and  particularly  South 
Africa  beccming  more  involved  in  beneficiation,  low  priced  ferro-chrome  can  be 
produced,  underpricing  the  industries  of  the  consumer  countries.  As  a  result,  plants 
for  example  in  the  USA  and  Japan  have  been  closed.  Thus  there  is  increasing  reliance 
•pon  South  Africa  which  is  supplying  at  present  some  A91  (by  metal  content)  of 
requirements  and  selling  not  only  the  raw  material  but  also  power  and  technological 
expertise.  Moreover  this  is  compounded  by  the  fact  that  the  consumers  seem  reluctant 
B'  diversify  sources  even  within  the  limited  range  available.  This  undoubtedly 
results  from  the  reliability  and  quality  of  South  African  supplies.  Also  in  the 
obvious  country  for  development,  Zimbabwe,  the  future  appears  rather  uncertain. 


Cobalt 


Cobalt  has  a  wide  ranging  significance  as  it  is  increasingly  used  with  nickel  and 
chromium  alloys  for  parts  of  the  air  frame  manufacture  while  being  of  specific 
importance  in  engine  construction.  It  is  also  vital  for  the  machine  tools  used  to 
produce  the  various  parts  and  also  in  a  number  of  other  aspects  such  as  thrust  rings 
for  propellers  and  engine  bearings.  It  is  thus  a  high  consumption  metal  the  chief 
-sea  for  which  can  be  summarised  as  follows: 

(a)  a  solid  solution  strengthening  agent  in  nickel  based 
alloys  and  some  steels; 

(b)  a  base  for,  in  particular,  wear-resistant  alloys. 

For  its  strengthening  properties  there  are  alternatives  such  as  nickel,  although  others 
are  much  scarcer  than  cobalt  itself.  For  wear-resistance  there  are  no  satisfactory 
substitutes.  It  would  therefore  be  possible  to  build  aero  engines  without  cobalt 
but  they  would  be  more  expensive  in  a  number  of  ways.  Following  the  world  cobalt 
shortage  in  1978  the  use  of  cobalt  was  reviewed  In  the  aerospace  industry  and  while 
•he  range  of  uses  has  increased  there  is  a  trend  towards  a  reduction  of  the  metal  in 
alloys.  Possible  substitutes  include  alloys  containing  nickel,  vanadium,  chromium 
and  tungsten. 

T.  ourcee 


Cobalt  is  mostly  recovered  as  a  by-product  of  copper  and  nickel  mining  but  world 
production  is  highly  localised.  Total  annual  production  is  approximately  JO  x  10* 
tonnes,  but  there  has  been  a  decline  recently.  Only  eight  countries  each  produce  more 

than  1*  of  the  total,  and  production  la  dominated  by  Zaire  (AO*)  and  Zambia  (9*). 

Zaire's  predominance  has  tended  to  decline  recently  but  it  ia  still  obviously  the 
key  source.  The  only  European  production  is  in  Finland  (A*).  Of  the  CPEa ,  Cuba 
and  the  USSR  produce  about  61  each. 

With  regard  to  reserves,  nine  countries  have  over  1*  of  the  total  but  again  Zaire 

(J8.51)  and  Zambia  (121)  are  dominant.  There  are  no  reserves  of  this  order  in  Europe, 

Finland  having  only  0.61.  There  haa  been  something  of  a  glut  on  the  market  recently 
and  producer  atocka  may  be  as  high  as  20,000  tonnes.  Furthermore  recycling  techniques 
have  been  improved  and  it  ia  possible  that  121  of  the  market  is  in  fact  secondary 
cobalt.  Zaire  has  thsrefore  bten  cutting  production  but  Zambia,  with  a  view  to  the 
future,  has  commissioned  a  new  plant  at  Kltwe  which  when  its  second  phase  is  complete, 
will  virtually  double  Zaabla'a  production  capacity. 


Seabed  nodules  contain  an  estimated  226  million  tonnes  of  cobalt  or  over  seventy  times 
the  current  world  reserve.  However  the  necessary  large  scale  investment  for  production 
from  these  seems  at  least  ten  and  mors  probably  twenty  years  away. 


i'ver  the  next  year  or  two  there  would  seen  to  be  no  difficulty  with  supplies  of  cobalt 
but  with  the  increasing,  Interest  in  stockpiles  and  the  long  overdue  re-equipment  of 
civil  airlines,  the  picture  could  change  rapidly. 

European  NATO  Trade 

hearing  in  mind  the  political  problems  In  southern  Africa  and  also  the  fact  that  a  high 
preportion  of  Zairian  cobalt  passes  through  Belgium,  it  is  hardly  surprising  that 
reliable  data  are  hard  to  collect.  Indeed  there  is  a  certain  reticence  in  publishing 
cobalt  returns  in  national  statistics.  This  doubtless  results  partly  from  lack  of 
information  but  also  from  a  desire  for  confidentiality  and  as  a  consequence,  aspects 
f  the  movement  of  cobalt  in  world  trade  cannot  be  stated  with  certainty.  The  main, 
indeed  the  on.y  stated  source  of  ore  and  concentrates  listed  for  Europe  is  Morocco. 

'  bait  is  traded  most  commonly  in  unwrought,  ferro  and  waste  forma  while  there  is 
some  movement  :f  wrought  metal.  .he  major  sources  are  Zaire,  Zambia,  Norway  and  to  a 
much  smaller  extent,  Finland.  Secondary  sources  are  Sweden,  the  USA  and  the  United 
Kingdom.  This  pattern  emphasi.es  again  the  very  strong  dependence  upon  very  few 
primary  s  urcee,  with  Zaire,  which  supplies  approximately  65t  (by  metal  content) 
comp  let ely  predominant . 


.  tratcglc  Zonal Jerat ions 


\'bait  is  medium  scale  In  production  and  at  present  the  consumption  is  well  below 
production.  However,  it  can  be  confidently  predicted  that  the  two  will  match  again  in 
the  near  future  at  which  tlm-  the  activities  of  investors  may  prove  important.  However 
the  major  source  of  vulnerability  is  the  dependence  upon  one  key  less  developed  country 
with  something,  of  a  history  of  instability.  Cobalt  accounts  for  15S  of  the  value  of 
exports  from  Zaire  but  only  Jt  of  those  from  Zambia,  but  auch  figures  offer  both 
[r  ducers  some  scope  fer  manipulation.  The  coincidence  of  very  limited  sources  in  a 
ge .po 1  it ical ly  unstable  area  mesns  that  the  problems  of  cobalt  supply  are  potentially 
acute . 


oaf  n  i  urn 


while  hafnium  is  not  used  in  the  manufacture  of  air  frames,  it  is  quite  important  in  the 
production  of  special  alloys  for  jet  engines  since  it  control  grain  size  in  casting 
alloys  and  can  confer  ductility.  It  therefore  governs  the  structure  of  parts  which  are 
under  severe  stress.  However  it  is  in  the  densifying  of  castings  that  hafnium  ia 
probably  unique.  Aa  a  result,  for  example,  it  promotes  high  creep  strength  and 
therefore  lengthens  the  life  of  blades.  The  amount  used  is  very  small  but  there  are 
no  long  term  alternatives. 

Sources 


HaTnium  production  comes  almost  entirely  from  the  mineral  zirconium  which  usually 
contains  about  1*  of  hafnium.  It  is  recovered  as  a  by-product  in  the  production  of 
hafnium- free  nuclear  grade  zirconium-based  alloys.  It  is  therefore  available  at 
reasonable  cost  while  the  demand  for  reactor  grade  zirconium  lasts.  Statistics  for 
worll  primary  hafnium  production  are  not  available  but  the  main  source  ia  concentrates 
from  beach  sands  in  the  USA,  Australia  and  India.  South  Africa  also  has  extensive  but 
lower  grade  beach  deposits.  There  is  no  adequate  source  of  zirconium  in  Europe.  The 
scale  of  production  Is  very  small  and  the  number  of  companies  involved  very  limited. 
Therefore  statistics  tend  to  be  confidential.  Hafnium  la  produced  as  sponge  and 
crystal  bar,  the  USA  producing  k5  tonnes  annually  of  the  latter. 

World  reservee,  judging  by  the  distribution  of  zirconium,  exceed  500,000  tonnes.  Thus 
it  can  be  concluded  that  potential  hafnium  supplies  far  exceed  current  demand. 

Since  there  are  no  substitutes  for  hafnium  in  its  major  applications,  prospects  for 
hafnium  look  sound  so  long  as  the  zirconium  market  remains  healthy.  At  present 
recycling  is  insignificant. 

European  NATO  Trade 

owing  to  its  mode  of  production  hafnium  is  only  quoted  in  the  trade  statistics  in  its 
unwrought  form.  Furthermore  few  countries  include  it  within  their  statistics.  Imports 
into  Europe  are  virtually  all  recorded  as  from  the  USA  although  it  ia  known  that  some 
supplies  come  from  Australis. 

Strategic  considerations 

Since  hafnium  is  unique  and  also  produced  on  a  very  small  scale  there  ia  some  obvious 
vulnerability.  Despite  the  variety  of  sources,  dependence  upon  the  USA  could  also 
present  problems,  not  only  with  regard  to  maintaining  the  'Atlantic  Bridge'  but  also 
if  American  demand  should  rise.  Furthermore  it  seems  likely  that  investors  will 
Increasingly  take  an  interest  in  hafnium. 


:-v 


Manganese 

Manganese  is  an  essential  ingredient  for  all  alloy  steels  91*  of  It  being  used  in  the 
metallurgical  industry.  Its  properties  are  to  strengthen  the  steel  in  its  own  right 
and  to  desulphurise  it.  Nickel  would  provide  some  substitute  but  is  expensive,  while 
effective  desulphurising  agents  are  available  but  are  themaelves  scarce. 

Sources 


Production  at  about  28  x  10*  tonnes  is  very  much  greater  than  that  of  all  the  other 
strategics  considered.  It  is  dominated  by  the  USSR  09*)  and  South  Africa  (22*)  but 
six  other  countries  each  produce  more  than  1*  of  the  world  total.  Included  among 
them  are:  Brasil  (8.9*),  Australia  (7.51),  Gabon  (70,  India  (7*)  and  China  (60. 
Altogether  some  <<9*  of  production  is  within  CEPs.  Thus  although  there  is  rather 
wider  choice  of  source,  the  pattern  is  not  unlike  that  of  chromium,  with  heavy 
dependence  upon  South  Africa.  There  is  no  manganese  production  in  Europe. 

With  regard  to  land  based  reserves  the  position  of  South  Africa  (93*)  is  even  more 
dominant.  The  USSR  possesses  about  26*,  Australia  9*,  Qabon  9.9*,  Brazil  5*  and 
India  1.9*.  Thus  if  CPEs  are  excluded  South  Africa  possesses  almost  79*  of  the 
world  reserves.  However  reserves  of  seabed  nodules  are  estimated  at  2  x  10‘*  tonnes, 
and  when  these  become  available  the  picture  will  alter  very  considerably. 

Since  conditions  are  so  closely  related  to  those  of  the  iron  and  steel  industry,  the 
market  has  been  depressed  recently.  The  production  of  ferro-manganese  has  also  been 
at  a  level  well  below  capacity  and  this  has  posed  a  number  of  problems.  Basically 
ferro-manganese  production  is  still  considered  of  sufficient  strategic  importance 
for  major  investment  even  though  the  market  is  presently  adverse.  Therefore  the 
question  arises  as  to  whether  to  maintain  a  strategic  Industry  in  an  increasingly 
uncompetitive  environment.  As  the  steel  industry  recovers,  so  the  tendency  for  ail 
producing  countries  to  beneficiate  is  almost  certain  also  to  increase.  This  will 
clearly  affect  alloy  producing  companies  in  the  consumer  countries  and  lead  to  even 
greater  dependence  upon  the  producers.  In  this  of  course  the  trend  is  for  manganese 
to  parallel  chromium.  As  the  capacity  to  smelt  ferro-manganese  declines  so 
countries  become  more  vulnerable  to  supply  interruptions  and  less  capable  of 
processing  ores  held  in  a  stockpile.  Figures  for  recovery  rateB  are  not  available. 

European  NATO  Trade 

Of  all  the  strategic  minerals  under  consideration  the  trade  figures  for  manganese  are 
much  the  most  difficult  to  interpret.  Manganese  as  ore,  by  far  the  most  significant 
quantity,  and  in  its  ferro  form  is  listed  under  a  range  of  different  grades.  Fr r 
ore  and  concentrates  South  Africa  is  by  far  the  most  important  source  for  all  the 
countries  of  NATO  Europe  apart  from  France,  supplying  90*  of  imports.  Next  in  order 
or  significance  am  :  Gabon  (20*),  Brazil  (11*)  and  Australia  while  supplies  are  also 
obtained  from  Congo,  Ghana  and  Morocco.  The  main  sources  for  re-export  are  Belgium 
and  Germany.  Ash  and  waste  are  re-exported  within  Europe,  but  primary  producers 
significant  in  the  ferro-manganese  trade,  are  South  Africa,  the  USSR  and  Brazil. 

However  re-export  within  Europe  is  more  important  and  the  leading  countries  are: 

Norway,  Spain  and  Sweden.  Manganese  unwrought  and  wrought  occupies  a  comparatively 
modest  position  in  the  trade  statistics,  the  leading  primary  producer  being  by  far 
South  Africa.  Thus  South  Africa  dominates  the  manganese  trade,  supplying  over 
kOi  (by  metal  content).  However  the  contribution  of  easily  the  leading  secondary 
supplier,  Norway,  must  be  added  since  South  Africa  is  its  primary  source,  and  the 
figure  then  exceeds  92*.  Gabon  provides  approximately  19*  (by  metal  content). 

Strategic  considerations 

The  scale  of  production  ia  large  and  at  present  there  is  a  surplus  of  manganese. 

While  there  is  a  limited  range  of  sources,  it  is  the  reliability  and  quality  of  product 
which  inclines  the  European  countries  towards  South  Africa.  Qabon  is  a  less  developed 
country  but  manganese  accounts  for  some  18*  of  the  value  of  its  exports.  In  the 
slightly  longer  term  the  lack  of  benef lciation  facilities  could  pose  further  problems, 
but  then  other  sources,  such  as  Brazil,  may  supply  relief. 

Molybdenum 

Approximately  80*  of  molybdenum  is  used  in  the  iron  and  steel  industry  and  the 
production  of  super  alloys.  In  the  manufacture  of  air  frasws  molybdenum  is  critical 
for  all  low  alloy  steels  and  cannot  be  replaced.  For  engines  it  is  used  as  an  inter- 
mstalllc  compound  and  also  with  tungsten  for  spray  coatings.  Molybdenum  is  further 
required  for  bearings  and  thrust  rings.  Within  the  aerospace  industry  molybdenum 
is  a  comparatively  high  usage  metal,  the  amount  being  possibly  half  that  of  cobalt. 

The  siain  properties  are  implanting  strength,  hardness  and  corrosion  resistance  to 
steel.  It  is  also  important  in  nickel-based  alloys. 
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Molybdenum  is  a  relatively  common  element,  recovered  from  the  working  of  many  porphyry 
copper  deposits.  As  copper  capacity  is  now  far  beyond  requirements,  molybdenum  should 
net  be  in  short  supply.  However  only  rive  countries  each  produce  more  than  1*  of  the 
world  total  which  is  about  100,000  tonnes.  The  USA  (60X)  is  completely  dominant,  the 
■  ther  major  producers  being  Chile  (141),  Canada  (111),  USSR  (91)  and  China  (21).  While 
the  number  of  sources  is  therefore  limited  the  fact  that  almost  75 X  of  the  production 
occurs  within  developed  countries,  lessens  vulnerability. 

World  reserves  are  rather  more  widely  spread  although  the  USA  f54X)  and  Chile  (25X) 
still  predominate.  Other  countries  with  significant  reserves  are;  USSR  (7X),  Canada 
(6.5*).  Peru  (2.5X1,  China  (2.5*),  Iran  (1.5X)  and  Mexico  (1.5X).  With  regard  to 
vulnerability  the  pattern  of  reserves  parallels  that  of  production. 

There  was  a  sharp  increase  in  demand  and  production  in  the  late  1970s  but  by  I960  a 
decline  had  set  in.  In  fact  the  surge  of  1979  is  still  being  felt  with  new  capacity 
being  opened  as  late  as  1981.  While  the  main  implications  for  molybdenum  are  closely 
tied  to  the  steel  Industry  and  must  wait  for  its  recovery,  conditions  are  favourable  for 
the  development  of  a  new  range  of  high  technology  uses.  In  particular  research  into 
high  temperature  steel  has  shown  the  benefits  of  including  molybdenum.  Therefore  it 
is  possible  to  forecast  a  modest  increase  in  the  market  over  the  near  future. 

European  NATO  Trade 


for  ores  and  concentrates,  much  the  most  important  trading  form,  the  chief  suppliers 
are  the  USA  and  Canada  followed  by  Chile.  While  there  is  some  re-export  from  the 
Netherlands,  Germany  and  the  United  Kingdom.  Ash  and  waste  presents  a  most  complex 
picture  since  there  is  re-export  between  the  NATO  countries  but  there  are  also  imports 
from  Austria,  the  USA  and  Niger.  The  ferro-molybdenum  trade  is  dominated  by  Austria 
and  Sweden  although  the  main  NATO  countries  apart  from  the  United  Kingdom  are  all 
involved.  Again  with  unwrought  and  wrought  molybdenum  several  countries  are  concerned 
but  Austria  and  the  USA  are  dominant.  The  molybdenum  trade  ia  very  much  dominated  by 
the  USA  which  provides  about  65*  (by  metal  content),  Canada  (IBS)  and  Chile  (12X), 
although  the  importance  or  non-NATO  European  countries  particularly  Austria  and  to  a 
lesser  extent,  Sweden,  must  be  born  in  mind.  Problems  of  supply  would  therefore  be 
concerned  mainly  with  the  'Atlantic  Bridge'. 

Strategic  considerations 

The  scale  of  production  is  within  the  medium  range  and  at  present  there  is  no  shortfall. 
There  ia  a  range  of  sources  but  the  consumers  tend  to  rely  very  heavily  upon  the  USA. 
However  should  supplies  be  endangered  Canada  and  Chile  would  seem  to  provide  reasonable 
alternatives.  From  the  trade  lists  it  would  appear  that  most  of  the  European  NATO 
countries  retain  sufficient  benef iclation  capacity. 

Niobium  (Columbium) 

Niobium  is  important  in  the  production  of  a  range  of  steels,  alloy  steels  and  super 
alloys.  In  the  aerospace  industry  it  is  used  to  stabilise  stainless  steel  for  air 
frames  and  also  for  welding.  It  is  also  used  extensively  in  engine  production  for 
minor  alloying,  stabilising  stainless  steel,  precipitation  hardening,  in  nickel-based 
alloys  and  in  wear  coatings.  There  is  also  some  interchange  with  titanium  for  corrosion 
inhibition  in  steel.  The  amount  used  is  small  but  the  properties  are  vital  particularly 
in  nickel-based,  steel  and  titanium  alloys. 

Sources 


Workable  niobium  sources  are  very  highly  concentrated  and  excluding  the  CPEs  for  which 
no  figures  are  avaialble,  there  are  only  three  countries  each  producing  more  than  IX 
of  the  world  total.  These  are  completely  dominated  by  Brazil  (871)  although  Cahada 
(11.5*)  is  also  important.  There  are  very  small  sources  of  niobium  in  Portugal  and 
Gpain.  Reserves  display  a  similar  distribution  with  Brazil  (70X)  by  far  the  most 
important,  followed  by  the  USSR  (15*)  and  Canada  (2.5*).  The  statistics  thus  reveal 
an  extremely  high  degree  of  dependence  on  basically  one  source. 

Despit.e  the  general  economic  decline,  the  demand  for  niobium  remains  relatively  strong 
although  increased  stocks  have  accumulated.  In  fact  during  1981  world  niobium  capacity 
increased  through  developments  in  both  Brazil  and  Canada.  Recovery  is  insignificant 
at  about  2X. 

European  NATA  Trade 


Por  ore  and  concentrates  niobium  and  tantalum  are  generally  grouped  together  and  this 
therefore  rather  obscures  the  pattern.  The  major  suppliers  of  niobium  are  Canada 
and  Brazil.  The  USA  is  predominant  in  other  forms  but  the  amounts  are  insignificant. 
The  statistics  reveal  that  Canada  atlll  dominates  the  trade  supplying  over  )0I  (by 
metal  content)  but  sx>re  detailed  investigation  shows,  at  least  for  parts  of  the 
aerospace  Industry,  total  dependence  upon  Brazil. 
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Strategic  considerations 

While  the  scale  of  production  Is  medium  and  at  present  probably  exceeds  demand,  there 
is  some  room  for  investors  In  the  market.  The  major  strategic  problem  occurs  when  the 
range  of  sources  Is  considered.  Canada  has  only  limited  reserves  and  If  not  at 
present,  at  least  In  the  future,  there  will  be  very  heavy  reliance  upon  one  mine  in 
Brazi 1 . 

Tantalum 

In  the  aerospace  industry  tantalum  is  not  used  in  air  frames  but  in  engines  it  is 
employed  as  an  alloy  strengthening  element  either  by  itself  or  with  niobium.  Por  this 
the  amount  is  very  small,  a  maximum  of  about  10*.  Its  major  importance  is  as  a 
strengthener  in  nickel-based  ailoys  but  it  has  been  used  as  pure  tantalum  in  for 
example  the  production  of  the  RB211  heat  shield.  However  even  where  it  is  important 
the  use  of  higher  performance  powders  has  allowed  economies  to  be  made. 

Sources 

Total  world  production  is  about  h Uo  tonnes  and  has  shown  a  decline  since  1979.  There 
are  five  significant  producers  with  Brazil  (2f 1.91)  and  Canada  (29*)  the  major  sources. 
Others  are  Thailand  (15.9*),  Australia  (12*),  Niqeria  (7*)  and  Mozambique  (61).  If 
production  from  tin  slags  is  added  the  world  total  is  virtually  doubled,  with  the 
greatest  production  being  in  Thailand,  Malaysia,  the  USSR  and  to  a  lesser  degree, 

7.aire.  Thus  although  production  is  very  small  and  this  in  itself  could  lead  to  problems 
should  demand  rise,  the  sources  are  widely  spread.  Furthermore  there  are  very  limited 
supplies  within  Europe,  in  Portugal  and  Spain. 

Eight  countries  each  have  more  than  1*  of  world  reserves  although  dominant  by  far  is 
Zaire  (98t).  Australia  has  17.5*.  Nigeria  9.5*,  Thailand  6t,  the  USSR  6J,  Malaysia 
9.5*,  Brazil  9*  and  Canada  1*.  Although  the  Third  World  predominates,  reserves  are 
reasonably  spread  within  the  developed  world  and  the  CPEs. 

Owing  to  substitution  the  more  economical  use  of  the  metal  and  the  general  economic 
recession,  demand  for  tantalum  has  fallen  considerably.  This  contrasts  sharply  with 
the  supply  gap  evident  in  the  recent  past  and  alleviated  largely  by  the  development 
of  Australian  sources.  Recovery  rates  average  about  8*. 

European  NATO  Trade 


For  ore  and  concentrates  the  main  sources  are  Canada  and  Brazil,  followed  by  Malaysia 
(largely  from  tin  slags)  and  Nigeria.  Tantalum  in  other  forms  is  important  mainly 
from  the  USA  although  one  or  two  European. countries  do  use  Australia  as  a  source. 
While  there  is  a  strong  dependence  upon  Canada  the  range  of  options  is  comparatively 
large  and  does  not  appear  to  pose  strategic  problems. 

Strategic  considerations 

The  potential  difficulty  lies  in  the  scale  of  production  which  is  small.  At  present 
there  is  insufficient  demand  even  for  this  amount,  but  should  the  situation  change, 
prices  could  rise  sharply  and  supply  difficulties  could  result.  The  present  range  of 
sources  within  the  developed  and  less  developed  world  militates  against  problems  of 
concentration. 

Titanium 


The  bulk  of  titanium  ore,  both  ilraenite  and  rutile,  is  used  for  the  production  of 
titanium  dioxide,  the  major  pigment  in  nearly  all  white  paint.  This  accounts  for 
approximately  92*  of  the  ore.  Of  the  remainder  the  bulk  is  used  for  metal  production 
and  of  this  60*  is  used  for  the  aircraft  and  aerospace  industries  and  a  further  20* 
for  steel  and  other  alloys. 

Within  the  aerospace  industry  titanium  is  one  of  the  major  metals  used  and  is 
considered  vital.  It  has  a  very  high  specific  strength  and  specific  stiffness  and  the 
nodulus  is  between  that  of  steel  and  aluminium  alloys.  It  is  used  for  precipitation 
hardening  in  nickel-based  alloys  and  for  corrosive  inhibition  in  stainless  steel. 
Because  of  its  high  strength  it  is  a  major  conponent  at  the  cold  end  of  engines,  for 
exasiple  for  fan  discs.  Typically  the  alloy  used  for  fan  blades  contains  90*  titanium, 
6*  aluminium  and  9*  vanadium.  The  major  ore  Is  rutile,  ilmenite  being  more  for  the 
conaercial  side  of  the  market. 

Titanium  la  also  being  used  for  highly  stressed  components  in  missiles,  rockets  and 
space  capsules,  as  well  as  armour  plating  for  airborne  military  equipment.  Increas¬ 
ingly  titanium  carbide  is  becoming  Important  in  the  machine  tool  industry  in  providing 
both  coatings  and  complete  tool  tips.  With  such  versatility,  substitution  for 
titanium  is  likely  to  lead  to  a  loss  of  efficiency.  Por  example  carbon  fibre 
composites  may  replace  it,  but  they  are  very  expensive.  Furthermore  a  new  aluminium 
alloy  containing  lithium,  copper  and  magnesium  is  under  test.  Por  corrosion 
resistance  there  can  be  an  interchange  with  niobium.  However  the  range  of  applications 


fnr  titanium  is  increasing  all  the  time  and  it  aeeme  highly  unlikely  that  it  will 
ever  he  leas  vital  Tor  the  aerospace  industry. 

Source* 


Titanium  is  widely  distributed  and  in  Tact  of  the  structural  metals  only  aluminium, 
iron  and  manganese  are  more  abundant.  The  major  problem  is  the  process  of  extraction, 
smelting  and  fabrication,  all  of  which  are  expensive.  Since  titanium  is  obtained  from 
ilmenite,  rutile  and  slags  and  production  la  measured  in  sponge  and  pigments,  the 
interpretation  of  statistics  is  more  complex  than  for  the  other  strategic*.  World 
production  of  ilmenite  ia  about  5, 000, 000  tonnes  the  iominant  producer  being 
Australia  (28f).  The  other  leading  producers  are:  Norway  (lb. 5*),  Canada  (lbt),  USA 
; 1 Jf ) ,  USSR  <9t).  South  Africa  ( 7*1,  Malaysia  (Af),  India  (5.b*)  end  Pinland(jf).  Both 
Canada  and  South  Africa  produce  from  slags.  The  world  production  of  rutile  is  about 
too, 000  tonnes  of  which  Australia  produces  about  ?0f.  The  other  main  producers  are: 

South  Africa  (Ilf),  Sierra  Leone  (of)  and  Sri  Lanka  (Af),  Thus  witn  rutile  there  is 
a  very  heavy  dependence  upon  Australia,  and  Europe  has  no  production.  Canada  la  the 
dominant  producer  of  slags  followed  by  South  Africa.  The  production  of  titanium  metal 
is  almost,  equally  divided  between  the  developed  countries  and  the  CPEa,  with  a  world 
total  of  just  under  110,000  tonnes  of  sponge.  Only  five  producers  are  iiated:  the 
USSR  ( A  5f )  ,  USA  <?8.t>f),  Japan  (26f),  United  Kingdom  (2.b*>and  China. 

World  resources  of  Ilmenite  are  fairly  widely  spread  but  only  eight  countries  each 
possess  more  than  If  of  the  world  total.  These  are:  India  (2}t),  Canada  (22. bf), 

Norway  (Id.bt),  South  Africa  (Ib.bf),  Australia  <8f),  USA  (7.b*),  USSR  (2X)  and 
Finland  (I.bf).  Rutile  reserves  art  slso  widely  distributed,  although  Brazil  ia 
dominant  with  78. bf.  Other  leading  countries  are:  Australia  (Bf),  South  Africa 
(Afj,  Italy  J.'.f),  Sierra  Leone  (2. bf),  USSR  (2f)  and  USA  (l.bf).  For  rutile  then 
while  there  are  supplies  in  Europe  there  is  a  heavy  dependence  upon  one  country,  brazil. 

Both  the  production  and  consumption  of  titanium  sponge  have  continued  to  show  increases 
tut  the  markets  for  both  ilmenite  and  rutile  have  continued  to  remain  depressed, 
leapite  the  fact  that  in  1981  the  USSR  became  an  instant  buyer.  The  Increasing  range 
f  applications  would  seem  to  ensure  the  health  of  the  metal  market,  and  indeed  titanium 
ia  one  of  the  few  strategics  in  the  production  of  which  aerospace  companies  have 
invested  directly. 

European  NATO  Trade 

Tables  for  ore  and  concentrates  contain  ilmenite  and  titanium,  the  major  sources  being: 
Australia,  Norway,  Canada  and  South  Africa  with  more  minor  quantities  from  India, 

Sierra  Leone  and  Sri  Lanka.  In  other  forma  of  the  raw  material,  the  trade  ia  very 
small.  Ash  and  waste  ia  Imported  from  the  USA,  Canada  and  South  Africa,  while  for  the 
ferro-alloy,  Norway  ia  the  leading  source.  Titanium  unwrought  and  wrought  cornea 
principally  from  the  USA  and  Japan  although  the  USSR  ia  also  a  supplier.  The  range  of 
sources  is  therefore  comparatively  wide  with  Australia  supplying  about  J6f  (by  metal 
content),  Norway  5Af  and  Canada  2 7f.  There  could  be  difficulties  with  the  maintenance 
of  the  'Atlantic  Bridge’,  the  length  of  aealanea  and  the  limited  dependence  upon  the 
USSR.  However  NATO  Europe  ia  clearly  well  placed  with  regard  to  benef iciation. 

Strategic  considerations 

Although  rutile  ia  produced  on  a  fairly  modest  scale  it  is  difficult  to  contemplate 
problems  of  ore  supply.  Much  more  of  a  limitation  la  the  production  of  sponge  which  ia 
more  sparsely  distributed  both  in  amount  and  geographically.  All  three  key  suppliers, 
Japan,  the  USA  and  the  USSR  could  reduce  exports  as  a  result  of  rising  home  demand. 
Furthermore  Japan  presents  problems  of  distance  and  clearly  under  certain  conditions 
supplies  from  the  USSR  would  not  be  expected. 

Tungsten 

Tungsten  has  a  range  of  unique  properties  and  ia  also  largely  resistant  to  corrosion, 
Imparting  great  hardness,  strength  and  resistance  to  wear.  Its  main  uses  are  in  the 
production  of  tungsten  carbides  and  alloy  steels.  Tungsten  carbides  are  vital  in 
the  production  of  equipment  requiring  extreme  wear  resistance  but  substitutes,  in  all 
cases  inferior,  are  generally  available  for  uses  other  than  rock  drilling.  Similarly 
for  alloy  steel  there  may  be  other  possible  replacements  but  none  entirely  satisfactory 
and  no  acceptable  substitutes  are  currently  available  for  the  electrical  uses. 

The  aerospace  industry  ia  a  medium  user  of  tungsten.  In  sir  frame  construction  there  are 
no  alternatives  and  for  engines,  tungsten  is  vital, by  itself,  with  carbides  for  tooling 
etc.  and  in  wear  applications.  It  is  also  used  for  wear,  erosion  and  oxidisation 
resistance  when  plasma-or- flame  sprayed.  Tungsten  is  further  used  in  bearings  and  thrust 
rings.  Overall  its  major  use  is  in  strengthening  cast  nickel  -  based  alloys  and  with 
the  drift  from  wrought  to  cast  alloys  its  importance  will  increase. 
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Sources 


World  production  is  about  *31,500  tonnes  and  is  very  widely  spread.  The  leading 
producers  are  China  (29*)  and  the  USSR  (181).  Other  producers  of  note  are:  Australia 
It. 5*),  Bolivia  (6.8!),  Canada  (6*),  USA  (5.5*),  South  Korea  (5.5*),  North  Korea, 

I1**),  Thailand  (5.8*),  Portugal  (3*),  Austral  (3*)  and  Turkey  (2*).  Within  W.  Europe, 
Prance,  Portugal,  Spain  and  Austria  all  produce  moderate  amounts  of  tungsten.  With 
such  a  wide  spread  of  sources  and,  particularly  with  tungsten  in  Europe,  there  does 
r.ot  seem  to  be  a  major  problem  of  vulnerability. 

World  reserves  are  also  widely  spread  although  again  China  is  dominant  with  52.5*. 

ther  countries  with  major  reserves  are:  Canada  (10.5*),  USSR  (B*),  USA  (4J),  North 
Korea  (k*),  Turkey  (5*)  and  South  Korea  (3*).  The  pattern  of  reserves  is  therefore 
similar  to  that  of  production  except  that  China  is  relatively  under-producing  while 
the  USSR  is  over-producing. 

Tungsten  has  retained  its  demand  despite  the  world-wide  recession  although  there  have 
been  some  cutbacks.  With  a  variety  of  new  tungsten  projects  planned  there  would  seem 
to  be  a  more  than  adequate  supply  of  the  metal  for  the  future.  Furthermore  recent 
emphasis  on  foreign  trade  by  China  will  greatly  influence  the  amount  available. 

Recycling  is  also  important  with  a  recovery  rate  of  about  23*. 

European  NATO  Trade 

The  major  source  of  ore  and  concentrates  is  China,  followed  by  Portugal,  Bolivia  and 
Australia.  There  is  little  trade  in  other  forms  of  tungsten,  the  main  sources  being 
Austria  and  South  Korea,  with  Sweden  and  the  USA  involved  to  a  lesser  extent.  Thus 
there  is  no  distinct  pattern  of  dependence  although  there  a  clear  dominance  by  China 
(about  10*  by  metal  content)  which  is  likely  in  future  t  ncrease.  However  a  wide 
range  of  European  countries  maintains  the  capacity  to  produce  ferro-tungsten  even 
though  China  is  again  Important. 

Strategic  considerations 

Although  the  tonnage  required  is  comparatively  small,  there  must  be  disquiet  about  the 
increasing  dependence  upon  China,  aiven  the  pattern  of  world  reserves,  there  would 
seem,  at  least  in  the  medium  term,  to  be  little  alternative. 

Vanadium 

Vanadium  is  Chiefly  important  as  an  alloying  agent  in  armoured  steel  and  in  the  produc¬ 
tion  of  titanium  alloys.  In  the  aerospace  industry  it  is  important  as  a  toughener 
in  cobalt- vanadium  tool  steels  and  for  this  there  are  no  alternatives.  It  is  also  vital 
in  providing  strength  at  high  temperature  in  steel  and  nickel-based  alloys.  Its 
importance  in  the  6:k  titanium  alloys  (aluminium  6*:  vanadium  4%)  has  already  been 
mentioned.  The  aerospace  industry  is  thus  a  small  user  but  vanadium  is  vital. 

Sources 

World  production  is  about  35,000  tonnes  and  is  dominated  by  South  Africa  (331)  and  to 
a  lesser  extent,  the  USSR  (29*)  and  the  USA  (13*).  Other  producers  are  China  (11*) 
and  Finland  !8t).  Thus  there  is  production  in  Europe  but  for  the  developed  countries 
there  is  dependence  upon  South  Africa.  The  pattern  with  regard) to  reserve  reinforces 
the  position  of  the  two  leading  producers,  South  Africa  having  49.5*  and  the  USSR  46*. 
in  fact  the  on.y  other  country  with  more  than  1*  is  Australia.  However  since  vanadium 
is  generally  recovered  as  a  by-product  or  co-product  reserves  are  not  fully  indicative 
of  available  supplies.  At  present  prices  though,  South  Africa  is  clearly  the  dominant 
source.  Recovery  rates  are  about  8*. 

With  an  increased  availability  particularly  as  a  result  of  Chinese  intervention  in  the 
market  and  the  decline  of  world  steel  production,  the  market  has  been  rather  depressed. 
However  world  consumption  still  rose  and  there  are  plans  for  development  not  only  in 
hina  but  also  in  Venezuela  and  New  Zealand.  Therefore  it  can  be  concluded  that  while 
the  range  of  applications  will  probably  increase  the  actual  supply  will  remain 
sufficient . 

European  NATO  Trade 

Vanadium  ore  is  of  no  significance  as  a  raw  material  and  therefore  trade  in  ore  and 
concentrates  is  generally  not  listed  except  in  the  case  of  Belgium  whi  >  receives 
supplies  from  Norway.  With  ash  and  residues  the  main  source  is  given  as  secret  but 
others  listed  Include  Mozambique,  China  and  South  Africa.  The  sources  of  ferro- 
var.adlum  are  principally  Austria  and  Noway  while  vanadium,  unwrought  and  wrought,  is 
imported  on  a  comparatively  small  acale  from  Japan,  South  Africa  and  the  USA.  However 
vanadium  imports  in  chemical  form  are  particularly  important  and  are  dominated  by 
Pinland  and  3outh  Africa,  followed  by  Austria.  Despite  European  supplies  therefore 
there  is  a  clear  dependence  upon  South  Africa,  which  supplies  approximately  27*  (by 
metal  content). 


Despite  being  a  commonly  occurring  mineral  the  installed  capacity  for  extraction  is 
important  ana  this  leads  to  a  marked  dependence  upon  South  Africa.  With  the  South 
African  domination  of  world  reserves,  this  position  is  likely  to  be  reinforced  in 
the  future. 

Y 1 1 ri urn 


The  use  of  yttrium  in  the  aerospace  industry  is  extremely  small  and  there  seems  to  be 
little  concern  about  supplies.  It  is  used  with  magnesium  and  is  a  constituent  in 
some  blade  alloys.  It  is  s  constituent  of  both  nickel-based  and  coi alt-based  super 
alloys  giving  resistance  to  erosion  and  also  as  a  coating  for  turbo  blades  in  engines. 
The  other  potential  use  within  industry  is  in  the  production  of  lasers  in  which  in 
the  form  of  yttrium-aluminium  garnet,  it  can  give  very  fast  pulses  of  the  order  of  a 
few  pico-seconds . 

.Sources 


Statistics  for  yttrium  production  are  incomplete  since  those  for  the  USA  are  withheld 
for  reasons  of  confidentiality  and  those  for  Canada  are  not  available.  However  the 
tctal  is  probably  between  bib  and  600  tonnes.  The  major  producer  is  Australia 
approximately  }0*)  while  India  and  Malaysia  are  also  important. 

With  regard  to  reserves  India  is  dominant  with  over  52*.  Australia  (15. bl),  USA 
;«*),  Brazil  (fc.bl)  and  Canada  (6*)  are  also  significant. 

As  improved  technology  and  research  lead  to  increasing  demands  there  seems  little  doubt 
that  these  can  be  met.  It  is  probable  that  the  world's  undiscovered  resources  are 
large  relative  to  any  expected  demand.  At  present  recycling  does  not  occur. 

European  NATO  Trade 

Yttrium  appears  separately  in  the  trade  statistics  which  show  that  Austria,  Belgium  and 
Germany  are  sources  for  other  parts  of  Europe.  Presumably  the  yttrium  originates  mos  tly 
in  Australia  with  possibly  some  import  from  Canada  and  the  USA. 

Strategic  considerations 

These  must  revolve  mainly  around  the  small  scale  of  production  since  the  range  of  sources 
is  comparatively  wide.  Clearly,  should  demand  rise  and  prices  increase,  investors  could 
well  affect  the  market. 


5.  THE  COUNTRIES  OP  EUROPEAN  NATO 

While  elements  of  the  aerospace  Industry  are  represented  in  all  the  countries  of 
European  NATO  except  Iceland,  the  industries  of  West  Germany,  Italy  and  the  UK  are  quite 
clearly  the  most  important.  Since  it  has  been  associated  in  many  European  projects  and 
since  it  is  all  so  closely  integrated  into  NATO  although  not  a  member,  France  must  also 
be  included. 

Por  all  the  raw  materials  described,  the  countries  of  European  NATO,  with  only  minor 
exceptions,  are  90*  import  dependent,  the  figure  varying  from  approximately  91* 

(cobalt  and  tantalum)  to  100*  (titanium).  The  only  raw  material  for  which  this  does 
not  obtain  is  tungsten,  for  which  the  dependence  is  58*  (UK  56*).  In  the  case  of  five 
materials,  the  dependence  of  Prance  is  rather  lower  than  that  of  the  other  countries. 

None  of  the  stajor  aerospace  countries  has  deposits  of  strategic  minerals  on  any  scale. 

In  fact  the  only  significant  production  is  chromium  (Turkey),  clearly  the  most  Important, 
ilmenite  (Norway)  and  tungsten  (Turkey  and  Portugal). 

An  examination  of  the  trading  patterns  reveals  that  three  European  neutral  countries, 
Sweden,  Finland  and  Austria,  exercise  a  significant  influence.  Firstly  in  a  period  of 
increasing  tension  between  West  and  East,  their  attitudes  towards  trading  strategic 
minerals  with  NATO  must  be  considered.  Furthermore  although  it  is  one  stage  removed, 
there  is  still  the  basic  dependence  upon  the  original  source  of  the  mineral  together 
with  the  vulnerability  resulting  from  reliance  upon  processing  abroad.  All  three 
countries  trade  in  a  restricted  range  of  strategic  minerals  but  all  are  important  in 
the  area  of  ferro  materials. 

Among  the  developed  countries  the  major  sources  of  strategic  minerals  for  European 
NATO  are:  USA,  Canada  and  Australia.  All  three  suffer  to  a  certain  extent  from  the 
problem  of  distance,  the  first  two  with  difficulties  of  maintaining  the  'Atlantic 
Bridge’  and  Australia  with  very  long  aealanes  to  be  protected.  Apart  from  this  the 
main  difficulty  with  the  maintenance  of  supplies  from  the  USA  could  well  be  that  the 
particular  minerals  are  required  for  Internal  consumption.  Developing  countries, 
at  different  states  of  development,  but  important  for  the  supply  of  atrategioa  present 
rather  different  problems.  Since  many  are  highly  dependent  upon  the  export  of  raw 
materials  for  their  economic  wellbeing  and  since  in  any  oase  this  may  be  controlled 
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by  mult  i tint  iminl  corpora’,  ions ,  there  appears  to  be  little  coincidence  between  political 
and  economic  instability.  In  general,  supplies  do  not  appear  to  be  disrupted  by 
political  change,  a  point  shown  vivid  y  recently  by  continuing  supplies  of  chromium 
from  Zimbabwe,  However  In  each  there  are  possibilities  of  supply  disruption  through 
civil  unrest,  sabotage,  local  conflict,  government  expropriation  and  possibly  the 
activities  of  Soviet  surrogates. 

In  many  ways  for  European  NATO  the  most  important,  country,  neither  developed  nor 
developing,  is  South  Africa.  Apart  from  the  various  threats  to  its  stability,  partic¬ 
ularly  in  the  medium  to  long  term.  South  Africa  also  poses  a  basic  moral  dilemma.  For 
chromium  and  manganese  and  to  a  lesser  extent  vanadium  and  titanium.  South  Africa  is  a 
major  producer  and  also  possesses  great  potential  for  further  development.  Despite 
the  current  depressed  state  of  the  market  there  is  great  underlying  strength  resulting 
f  r.'m : 

(a)  the  enormous  scale  of  reserves; 

(b)  the  highly  developed  Infrastructure; 

( c  i  the  abundant  powers  of  t*»rief  io iaf  ion ; 

(d)  the  political  and  commercial  stability;  and  above  all 

(e)  the  technological  expertise. 

Furthermore  through  its  infrastructure  Soutt,  Africa  controls  most  of  the  mineral  export 
fr-m  the  developing  countries  of  south t n  Afri ca 

- .  5THATEG I C  CONCLUSIONS 

The  term  ’strategic'  when  applied  to  a  raw  material  implies  a  range  of  factors, 
geological,  economic  and  political.  Some  of  these  can  be  quantified  others  are  largely 
conjectural.  Therefore  to  attempt  a  weighting  is  a  particularly  complex  problem,  and 
forcasts  far  into  the  future  extremely  hazardous. 

( 1 )  Raw  materials 

(1)  Most  at  ri3k  through  the  potential  instability  of  sources  are  cobalt, 
chromium  and  manganese.  In  the  longer  term,  offshore  mining  could 
alleviate  the  problem  for  cobalt  and  mangarese. 

i t  i  Most  at  risk  through  the  concentration  of  sources  are  the  above  with 
the  addition  of,  particularly,  niobium.  There  could  also  be  short 
term  problems  with  nickel. 

(  1)  Most  at  risk  through  reliance  upon  a  CFK  producer  is  tungsten. 

1  - i  Most  at  risk  'hrough  the  small  scale  of  production  is  hafnium. 

It)  Most  at  risk  through  the  reduction  or  lack  or  installed  extraction  or 
benefi ciat ion  plant  are  vanadium  and  titanium.  Increasingly  chromium 
and  manganese  in  particular  could  also  be  affected. 

(b)  Moot  at  risk  overall  are  chromium,  niotium  and  cobalt 

■ •  )  European  NATO  countries  (Fig  7 ) 

(1)  All  are,  with  very  minor  exceptions,  highly  impurt  dependent,  with 
France  rather  less  so  than  the  others. 

(2)  There  is  a  high  degree  of  dependence  upon  southern  Africa  and  in 
particular  South  Africa. 

( ’. )  There  is  a  marked  secondary  dependence  particularly  or.  neutral 
European  countries. 

(A)  There  is  a  tendency  to  rely  on  a  reatricted  range  of  aources.  The 
neutral  countriea  and  Japan  ahow  that  this  may  be  rather  leas 
necesssry  than  la  commonly  aupposed. 

(6)  There  is  little  dependence  on  Warsaw  Tact  sources. 
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SUMMARY 


Baaad  on  the  following  raquiraaants 

Minimisation  of  ctitical  raw  aatariala  input 

Production  of  aa  little  acrap  (aacbining  waataa,  pacta  out  of  aarvica)  aa  possible 

concepts  for  reducing  tha  use  of  aatariala  and  tha  aaaociatad  dependence  upon 
raw  aatariala  iaporta  are  explained. 

Nith  reference  to  aero-angina  coaponenta,  tha  following  poaaibilltiea  are  shown 

aa  axaaplaa: 

1)  Coabi nation  of  vary  different  aatariala  by  aaans  of  aodern  joining  techniquea. 
Coaponenta  ‘built  up'  in  this  way  contain  expensive  aatariala  only  where  they 
are  indiepenaable. 

2)  Approx iaat ion  of  the  blank  contour  to  the  final  contour  of  the  coaponent  (thua 
reducing  aachinlng  loaaea)  by  con tour -forging,  flow-turning  and  powder  Metallurgy. 

})  Making  run  parte  reuaable. 

It  ia  shown  that  a  considerable  econoay  of  aster iala  la  obtainable  and  has  partly 
bean  achieved  already.  Attention  is  drawn  to  probleas  which  aay  follow  froa  the 
application*  e.g.  aaterial  deposition  or  joining  of  dissimilar  aatariala  results 
in  a  tendency  to  render  the  recycling  of  such  engine  coaponenta  SK>re  difficult. 


INTRODUCTION 


To  the  aerospace  Industry  the  need  to  econoaiae  and  preserve  critical  aetals  is 
very  reel.  This  involves  aetsls  (or  the  raw  materials  going  into  thea)  that  are 
indispensable  in  the  aanufacture  of  aerospace  equipment  but  the  availability  of 
which  (at  reasonable  coats)  la  latently  threatened  as  a  result  of  economical  or 
political  uncertainties  (high  cost  of  asploltation,  regional  concentration  in  poten¬ 
tial  trouble  spots,  highly  energy  consumptive  production).  The  critical  astsls 
used  in  aero  engines  are  principally  cobalt,  chromium,  nickel,  titeniua,  tungsten 
and  tantalum.  Miile  these  raw  aster ials  aay  well  have  been  in  sufficient  supply 


j.; 


these  past  few  years,  with  prices  running  relatively  stable,  long-term  predictions 
are  never  safe  (as  witnessed  by  the  performance  of  cobalt  between  1978  and  1980). 

Irrespective  of  the  actual  market  situation,  reasons  of  cost  make  a  reduction  In 
material  investment  an  indispensable  requirement.  This  applies  In  particular  to 
aero-engine  construction,  where  product  material  costs  are  high  on  account  of  the 
expensive  alloying  elements. 

^Conservation  of  critical  metals  or  their  raw  materials  is  generally  sought  in  a 
number  of  ways: 

-  by  substitution,  l.e.,  either  by  lowering  the  critical  alloy  content  In  existing 
materials  (leaning)  or  by  developing  alternative  materials  from  cheaper  raw 
materials  which  are  readily  available  on  a  long-term  basis 

by  the  application  of  critical  materials  only  where  they  are  needed*- 

by  the  application  of  near-nat-ahape  manufacturing  processes  • 

-  'by  taking  measures  designed  to  extend  the  life  of  components 

-  'by  remeltlnq  scrap  metal,  accompanied  by  minimum  possible  downgrading* 

Substitution  and  recycling  are  approaches  in  which  the  finishing  industry  (e.g. 
the  aero-engine  manufacturers)  can  assist  -  being  mostly  dependent  on  the  good 
intentions  and  willingness  to  cooperate  on  the  part  of  the  material  manufacturers. 
Whereas  iseasures  for  reduclnq  critical  materials  input  and  extending  life  can  normally 
be  planned  and  implemented  by  the  finishing  industry  on  its  own. 

'The  present  paper  discusses  specific  measures  for  reducing  waste  and  for  extending 
life  as  applied  to  engine  components.  Sosm  of  the  methods  and  techniques  used  toward 
this  end  were  evolved  with  other  purposes  in  mind  (e.g.  light-weight  construction). 

It  is  nevertheless  shown  that  appreciable  savings  in  materials  or  gains  in  life 
can  be  achieved  for  engine  parts  and  that  the  concepts  employed  can  also  readily 
be  transferred  to  other  aress. 

S' 

While  the  measures  discussed  below  are  representative  of  applications  in  engine 
construction,  they  do  not  claim  to  be  complete. 


MEASURES  POP  HATE RIALS  COW8ERVATIOW  IN  THE  riHISHIMG  INDUSTRY 


In  view  of  the  fact  that  laany  angina  coaponants  com  undar  loads  that  vary  consider- 
ably  ovar  tha  cross-saction  of  tha  part,  this  requlreaent  results  in  "tailored" 
coaponants  that  aay  ba  coapositas  of  tha  aoat  divarsa  aatarials  (*ault talloys*) . 

Thasa  davalopaants  are  aade  possibla  by  highly  advancad  joining  techniques.  This 
is  axaapliflad  in  Figs.  1  and  2.  In  aithar  casa  tha  joint  is  aada  by  alactron  baaa 
(®B)  or  friction  weldinq.  It  is  exactly  thasa  joining  techniques  which  perait  the 
coabination  of  tha  aost  dlssiallar  and  sophisticated  aatarials  to  produce  thasa 
tallorad  coaponants  (whereas  high-teaperature  bratlng,  for  axaapla,  would  ba  ill- 
suited  for  such  joints,  owing  to  tha  attendant  heat  transfer).  Without  suitable 
joining  aathods,  tha  axaaplas  shown  would  ba  penalised  by  tha  addad  waight  of  scrawad 
connexions  or  -  if  they  are  aada  froa  the  solid  -  by  a  aatarial  cost  that  would 
ba  a  aultlple  of  that  of  tha  praaant  solution. 


Maaiaua  reduction  of  aachlninq  waste  by  using  nasr-nat-shapa  technology 


Invastaant  casting,  being  tha  oldest  and  probably  tha  aost  significant  of  near- 
net-shape  aanufactur ing  techniques,  naturally  finds  wide  use  also  in  angina  work. 

Tha  lialtations  of  the  aathod  are  iaposad  not  so  such  by  its  inability  to  aaat 
gaoaetry  and  tolerance  raquiraaants,  as  by  tha  inherently  inferior  xwchanical  properties 
of  the  castings.  To  aaat  tha  exacting  raquiraaants  of  aero-enqine  service,  drop- 
forged  alloys  are  tha  aatarial  aost  widely  used.  Considering  tha  coaplax  geoaetrles 
encountered  in  anginas,  this  entails  relatively  large  losses  of  aatarial  in  aachln- 
ing  (about  SO*  to  90S),  unless  suitable  sunufactur  ing  techniques  for  econoalxlnq 
aatarials  or  for  reducing  tha  aaount  of  waste  are  aaployad. 


Tha  potential  savings  offered  by  nasr-nat-shapa  forging  are  illustrated  by  way 
of  a  rotor  disk.  Fig.  I  shows  tha  forging  in  its  nor aa 1  shape,  and  Fig.  4  shows 
it  in  its  leaned  contour.  For  a  nickal-basa  alloy  disk,  tha  relative  weights  would 
be: 


Manufacturing  stage 

Noraal  version 

Leaned  version  ^ 

Relative  waight 

1 

Relative  weight 

t 

Ingot 

100 

mm 

100 

90.0 

Billet 

80 

60 

39.8 

Forg i ng 

71 

61.7 

63 

31.4 

Finished  part 

11 

9.5 

20 

9.9 

This  axaapla  indicates  a  possible  reduction  in  aatarial  loss  for  a  disk  of  tha 
configuration  shown  of  about  fifty  parcant  (froa  78  kg  for  tha  noraal  version  to 
40.9  kg  for  tha  leaned  version). 


Tha  aathod  just  described  has  its  lialtations  where  shapes  grow  difficult,  or  where 
vary  widely-varying  degrees  of  deforaetion  are  Involved.  These  difficulties  are 
avoided  by  powder  aetallurey.  which  will  achieve  the  final  contour  without  excessive 


1  OSS  of  aatarial  avan  fot  components  of  laas  amenable  shape.  Pig.  6  llluatrataa 
a  shaft  made  by  a  powder -metallurgy  procaas.  Coapared  with  tha  forqinq  (Pig.  5) 
it  appraciably  raducas  tha  aaount  of  aatarial  invaatad.  Tha  ralativa  weights  arai 


forging 

loot 

PM  coapact 

60% 

finished  part 

7% 

This  aathod  finds  ita  liaitationa  -  as  ragards  near-net-shape  applicationa  -  aainly 
in  tha  high  cost  of  ancapaulation.  Pig.  7  shows  qualitative  ralat ionships  batwaan 
cost  and  net-shape  naarnaas. 


It  is  aapacially  with  vary  thin-wallad,  axisymaetrlc  coaponanta  that  flow-turning 
auggaata  itaalf  for  naar-nat-shapa  applicationa.  Pig.  8  llluatrataa  this  by  way 
of  a  coaprasaor  shaft  alaava  (tha  figura  shows  tha  finishad  part  contour  togathar 
with  tha  starting  contour  for  flow-turning.)  This  axtraaaly  thin-wallad  tubular 
ahapa  waa  originally  machined  froa  a  solid  forging  (Pig.  8a).  Matarlal  loaaaa  ran 
in  tha  na ighbourhood  of  408.  This  loss  can  ba  graatly  raducad  by  flow-turning. 

Tha  starting  contour  for  flow-turning  can  bo  producad  by  aachinlng  olthar  a  bar 
sactlon  (Pig.  8b)  or  aora  advantagaously  a  naar-nat-shapa  (rafarred  to  tha  starting 
contour  for  flow-turning)  forging  (Pig.  8c).  Matarial  lnvastaont  would  than  ba 
in  tha  following  ralationi 


8a  i  8b  ■  Sc  :  finishad  part  «p  100  i  10  i  15  t  8 

This  procaas  finds  its  llaitation  chlafly  in  tha  gaoaatry  of  tha  coaponant  with 
application  raatrictad  to  axisyaaatric  and  thin-wallad  parts  with  staple  ahapas 
and  saooth  innar  contoura. 


parti  rauaabla 


Maasuros  for  axtandinq  tha  llfa  of  coaponanta  also  will  indlractly  sava  substantial 
aaounta  of  aatarial.  Conaldorlnq  that  in  angina  work  tha  coaponanta  involvad  aro 
ganarally  oxpanslvo  finishad  parts,  ovary  of fort  is  takon  in  this  aroa. 

Distinction  is  aada  hara  batwaan  coaponanta  whoaa  llfa  is  spant  as  a  rosult  of 
fatlque  or  craap,  and  coaponanta  aada  unsar vicoablo  by  changas  in  diaansions  (as 
a  raault  of  waar,  f rat  ting  ate.) 

Pig.  4  ia  a  achaaatic  arrangaaant  illustrating  tha  offset  of  regeneration  on  tha 
llfatlaa  of  turbine  blades.  The  hot  Isostatlc  pressing  (RIP)  process  serves  to 
heal  craap  voids  and  other  flaws  in  tha  nicrorange.  Baking  tha  affected  co<—  -ant 
reusable  or  giving  it  an  additional  life-span.  This  procedure  is  still  in  its  Infancy 
as  ragards  aaterlsl  conservation. 

Tha  practice  of  restoring  coaponant s  suffering  froa  wear  (in  its  widest  sense) 
to  their  specified  dlaensions,  on  the  other  hand,  is  finding  wide  use.  This  is 
where  electroplating  and  cheaieal  depositing  processes  aapacially,  as  well  as  therasl 
spraying  aethods,  have  proved  their  worth.  The  deposited  aster ials  are  selected 
to  aeet  specific  reguireaents  concerning  properties  such  as  therasl  expansion  and 
wear  resistance,  with  a  view  to  possible  recycling,  however,  it  should  ba  taken 


into  account  that  the  deposited  Material  ouqht  to  be  coMpattble  with  the  baae  Material 
also  froM  the  metallurgical  aspect.  For  nickel  and  cobalt  alloys  as  baae  Materials 
the  deposit  Materials  can  be  classified  as  follows: 


J -< 


Deposit  Materials  the  constituents 

of  which  are  contained  in  the 

parent  Material 

Deposit  Materials  the  constituents 

of  which  are  considered  contami¬ 
nants  in  the  parent  material 

Ni 

NIP 

Cr 

CoCtjOj 

NiCr 

*9 

NiAl 

Cu 

NiCrAl 

WCCo 

NiAlMo 

NiCoCrAl2°J 

NO 

Mater  lal-deposl  t  inq  processes  have  their  liaitationa,  primarily  posed  by  the  geometry 
of  the  coaponents  (e.g.  accessibility  to  the  surfaces  to  be  built  up,  deposition 
thickness,  etc. ) . 

It  is  anticipated  that  processes  still  to  coae  (such  as  low-pressure  plasaa  spray 
deposition)  will  be  able  to  deposit  Materials  similar  to  the  substrate  Material, 
to  qenerally  eliminate  the  problea  of  coapat ibi 1 1 ty ,  i.e.  the  question  of  potential 
contaainatlon.  Expectations  are  currently  directed  toward  nickel-  and  cobalt-base 
alloys  only. 


COHCLUO 1 MG  REMARKS 


Soae  of  the  Material  conservation  measures  described  aay  involve  considerable  down- 
qradinq  of  scrap,  loss  of  expensive  alloyinq  eleaents  by  dilution  or  costly  separation 
of  such  eleaents  in  final  recycllnq  (reasons:  union  of  Materials  that  are  incompatible 
with  regard  to  recycling,  carry-over  of  deleterious  elements  into  the  alloy).  The 
probleas  discussed  here  aay  qenerally  be  reduced  to  the  following  alternative: 


Decision 

(or  approach) 

Consequence 

A)  Use  of  'tailored*  coaponents 

Initially  savings  in  Material  or  Increase 

of  dissimilar  Materials. 

in  lifetime,  but  possibly  forgoing  chance  to 

recycle  materials  at  full  value 

Dlsslailsr  Material  deposition. 

B)  Use  of  uniform-aster ial 

Initially  wider  use  of  expensive  materials. 

coaponents  havinq  expensive 

but  possibly  long-term  chance  to  recycle 

Materials  also  where  they  are 

(genuine  closed-loop  cycle) 

not  necessary. 

I 
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With  regard  to  universal  long-tera  reduction  of  losses  in  tha  aaterlals  processing 
cycle,  altarnativa  *B*  without  quaation  takes  preference  and  ’ault ialloys"  ahould 
raally  not  be  permitted.  Howavat,  for  tha  aero-engine  Manufacturer  and,  alaoai  cer¬ 
tainly,  for  the  aetal-workinq  industry  in  general,  this  does  not  represent  a  practi¬ 
cable  solution  as  long  as  tha  cost  of  the  blank  is  tan  and  wore  tiaas  as  great  as 
tha  value  of  scrap.  Moreover,  in  aany  cases,  repair  procedures  or  lightness  requireaents 
tell  against  alternative  *B*. 

Irrespective  of  such  considerations,  as  wall  as  froa  the  costs  point  of  view,  the 
aanufacturer  will  endeavour  to  sell  off  scrap  (froa  aachlning,  rejects  etc. I  at 
aaxlaua  possible  prices.  It  cannot  be  absolutely  excluded  that  unapproved  scrap 
(i.e.  that  which  xuiy  be  contaainated)  passes  into  the  heat.  Thus,  this  Involves 
the  risk  of  enr ichaent  by  haraful  eleaents  during  recycling. 

Manufacturers,  who  coabine  disalailar  aaterials,  in  their  own  Interest,  Bust  bear 
in  Bind  the  coapatibil ity  question  as  early  as  the  planning  stage,  short-tera  cost 
considerations  notwi thstanding. 
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TOWARDS  A  CYCLL  WITHOUT  LOSS!  COBALT  IN  THE  AIRCRAFT  INDUSTRY 

C.  Voigt 

Deutsche  Forschungs-  und  Versuchsanstalt 
f(lr  Luft-  und  Raumfahrt 
Postfach  800320,  D-700O  Stuttgart  80,  Germany 


SUMMARY 

-The  flow  cycle  of  cobalt  in  products  used  in  the  aircraft  Industry  has  been  investi¬ 
gated.  The  manufacturing  processes,  uses  and  ultimate  destinations  of  the  materials  con¬ 
taining  cobalt  (superalloys,  ultra-high  strength  steels,  tool  steels  and  special  alloys) 
have  been  quantitatively  analyzed  for  the  FRG.  The  ways  in  which  cobalt  is  lost  within 
the  material  cycle  have  been  determined.  Cobalt  recovery  rates  for  process  scrap  and  ob¬ 
solete  scrap  will  be  presented.  It  turns  out  that,  ultimately,  the  dilution  of  cobalt  in 
iron  to  a  degree  that  it  is  of  no  value  any  more  is  the  most  important  loss  mechanism.  A 
prime  counter-action  is  improved  scrap  separation  at  all  steps  of  the  material  cycle.  The 
Influence  of  no-scrap-technologles  is  discussed. 


1.  INTRODUCTION 

The  demand  for  primary  metals  produced  from  ore  results  from  the  demand  for  replace¬ 
ment  of  metals  that  have  been  lost  and  from  the  demand  due  to  economic  growth.  Without 
loss  and  economic  growth  there  would  bt  no  dependence  on  foreign  ore  production  and  the 
problems  of  strategic  and  critical  elements  would  not  exist.  This  demonstrates,  in  par¬ 
ticular  in  a  time  of  slow  economic  growth,  the  principal  Importance  of  a  cycle  with  re¬ 
duced  or  even  zero  loss. 

There  are,  however,  further  advantages  which  make  materials  conservation  desirable 
even  ,f  there  were  no  problems  of  availability.  First,  every  piece  of  material  which  is 
lost  enters  our  natural  environment,  in  many  cases  causing  damage  to  nature.  The  health 
risk  of  lead  lost  in  gasoline  shows  that  one  has  to  avoid  material  losses  in  order  to 
preserve  nature.  Another  consequence  of  materials  loss  leading  to  deterioration  of  the 
environment  is  the  installation  of  new  ore  mines  required  for  the  production  of  material 
that  replaces  the  loss.  Second,  the  production  of  metals  is  in  general  less  energy-con¬ 
suming  if  one  starts  from  scrap  Instead  from  ore  Ml,  reuse  instead  of  disposal  of  scrap 
contributes  to  the  solution  of  the  energy  problem.  Altogether,  the  reduction  of  material 
losses  will  be  an  Important  element  in  the  development  of  our  society. 

In  this  paper  cobalt  in  metallurgical  applications  is  taken  as  an  example  to  investi¬ 
gate  the  ways  in  which  a  metal  is  lost  in  the  material  cycle  and  to  propose  measures  how 
this  can  be  avoided.  Particular  reference  is  made  to  cobalt  used  in  the  aircraft  industry, 
l.e.  for  cobalt  in  high  temperature  materials,  high-strength  steel,  hardmetal-  and  steel 
tools,  magnets.  The  data  which  will  be  presented  have  been  obtained  from  published  sta¬ 
tistics  and  informations  from  the  cobalt  consuming  Industry  in  the  Federal  Republic  of 
Germany.  Cobalt  contained  in  lsported  semifinished  products  or  alloys  is  not  considered 
as  being  consumed  m  the  FRG  and  is  thus  not  included.  Although  tha  data  refer  to  the  FRG 
in  1981  it  is  believed  that  the  conclusions  are  valid  quite  generally. 


2.  THE  FLOW  CYCLE  OF  COBALT 

Fig.  1  shows  the  flow  cycle  of  cobalt  in  metallurgical  applications  in  the  FRG  in 
1981.  The  production  of  finished  products  starts  with  the  raw  material  which  is  cooposed 
of  primary  (granules,  cathodes)  and  secondary  metal  (scrap).  Scrap  comprises  scrap  gene¬ 
rated  during  production  and  scrap  in  the  form  of  used  parts  and  products  (obsolete  scrap) 
About  one  half  of  the  raw  material  is  converted  to  finished  products.  Three  quarters  of 
the  cobalt  contained  in  the  production  scrap  is  recovered,  mostly  as  home  scrap,  i.e. 
scrap  recycled  without  leaving  the  plant  whare  it  has  been  generated.  One  quarter  of  the 
production  scrap  ia  lost.  As  a  rule,  recovered  scrap  is  used  in  the  same  area  of  appli¬ 
cation  from  which  it  originates.  Exceptions  exist  for  superalloy  and  stellite  scrap  which 
is  used  for  steel  melta. 

Cobalt  recovered  from  obsolete  scrap  aaeunts  to  1/4  of  all  cobalt  contained  in 
finished  products.  The  recycling  rate  is  very  high  (SO-7S  I)  for  steel  tools  and  super- 
alloys,  is  lower  for  high-strength  steel  and  ha r das tail  (10-30  %)  and  is  zero  for  all 
the  other  groups.  Most  of  the  cobalt  recovered  is  returned  to  the  production  cycle  with¬ 
in  one  year,  as  an  exception  cobalt  in  superalloys  and  high-strength  steel  is  recycled 
many  years  after  the  products  have  been  put  into  service. 

Fig.  2  shows  the  flow  cycle  of  oobslt  in  high  temperature  smterlals  (superalloys  and  high 
temperature  steel) . 
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rum  cycle  op  cobalt 
Federal  Republic  of  Germany  1981 
Plow  rates  in  t  /  a 

Fig.  1.  Metallurgical  usea,  total  Fig.  2.  High  temperature  materials 


3.  COBALT  USES 

According  to  the  amount  of  cobalt  contained  in  finished  products  the  cobalt  contai¬ 
ning  materials  can  be  divided  into  three  groups  of  approximately  equal  slxe  (Piq.  3). 


Wignttlc  lUtiiUl 

Cobalt  containing  magnetic  materials  are  essentially  permanent  magnets  with  Alnlco- 
magnets  (28  I  Co)  being  the  most  important  group.  Magnets  are  produced  with  a  high  per¬ 
centage  of  primary  cobalt  (80  8,  Piq.  <)  .  the  amount  consumed  is  soaiewhat  less  than  one 
third  of  all  primary  cobalt. 


High  speed  steel,  hot  work  tool  steel  and  high-strength  steel  are  the  biggest  cobalt 
consumers,  the  cobalt  content  lies  between  5  and  12  t.  About  one  quarter  of  all  primary 
cobalt  is  uaed  for  steels,  the  percentage  (3)  8)  of  primary  oobalt  at  the  raw  material  is 
much  smaller  than  for  magnets  since  large  amounts  of  secondary  raw  materials  are  used. 
Proa  all  groups  steels  contuse  the  by  far  largest  fraction  of  purchased  scrap  and  are 
therefore  of  great  importance  for  the  recovery  of  cobalt.  Steels  are  the  only  group  that 
uses  scrap  generated  in  other  application  areas. 


Alloys 


This  group  comprises  alloys  which  are  neatly  iron -free  and  can  contain  up  to  75  % 
cobalt  and  in  addition  nickel,  chroaiiua,  tungsten  and  molybdenum  as  essential  elements. 
Wear  resisting  alloys  (stellites) ,  superalloy a,  high-temperature  steels  and  hardamtals 
are  the  biggest  oonsumsrs  of  prlmsry  oobalt.  Somewhat  less  than  SO  %  of  all  prlsmry  co¬ 
balt  is  required  for  the  production,  the  percentage  of  prlsmry  oobalt  in  the  raw  material 
is  in  the  average  88  8. 
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Fiq.  3.  Consumption  of  primary  cobalt 

Federal  Republic  of  Germany  1981 
100  »  -  827  t/a 


4.  LOSS  OF  COBALT  DURING  PRODUCTION 

During  production,  i.e.  the  conversion  of  raw  materials  to  finished  products,  227  t 
of  Co  are  lost  (one  quarter  of  all  cobalt  imported).  There  ere  two  main  loss  mechanisms 
with  about  equal  magnitude.  The  first  group  comprises  losses  which  are  due  to  the 

Sue inq  and  Contamination  of  Solid  Production  Scrap. 

A  typical  example  is  scrap  in  the  form  of  turnings  and  chips  generated  when  super¬ 
alloy  parts  are  machined.  A  direct  reuse  as  a  constituent  of  a  superalloy  melt  requires 
an  absolutely  clean  scrap  handling  due  to  the  stringent  specifications  of  superalloys. 

Any  mixing  with  other  scrap  and  any  contamination  with  other  metals  has  to  be  avoided. 
These  requirements  are  difficult  to  achieve,  as  a  consequence  most  of  this  scrap  can  only 
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Pig.  4.  Origin  and  amount  of  cobalt  in  the  raw  material  and 

in  finished  products.  Federal  Republic  of  Oenaany  INI. 
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be  uwd  for  tha  production  of  less  valuable,  leas  complex  alloys  or  steels,  l.a.  tha 
acrap  la  downgraded.  Howavar,  avan  if  acrap  la  handiad  aa  deal  rad,  present  regulations 
for  aircraft  angina  manufacture  in  Germany  do  not  allow  utilization  of  thia  material.  A 
revlalon  of  thaae  ragulationa  towarda  a  limited  reuae  of  clean  acrap  in  aircraft  appli¬ 
cation  la  In  prograaa. 

Although  downgrading  by  itaalf  doe a  not  mean  that  material  la  loat,  loaa  of  cobalt 
occura ,  becauae  it  la  very  often  an  unwanted  element  in  tha  malt  charge  in  which  it  ahall 

be  uaed.  By  adding  nickel  or  iron,  cobalt  la  in  auch  caaaa  intentionally  diluted  to  an 

extent  that  it  la  of  no  value  anymore.  Cobalt  ia  a  relatively  ineffective  alloying  ele¬ 
ment  in  ateela,  compared  for  lnatance  to  nickel  (the  reap,  conaumptiona  in  tha  FRG  are 
lOO  and  40  000  t/a) ,  ao  the  preaeure  to  dilute  cobalt  ia  appreciable.  The  exact  amount 
of  Co  loat  through  downgrading  of  auperalloy  production  acrap  ia  not  known,  it  could  be 

as  high  aa  IS  4  of  all  primary  cobalt  needed  for  auperalloy  melta. 

A  aimilar  altuatlon  exiata  in  the  steel  Industry.  Mixed  ateel  scrap  with  a  cobalt 
content  of  only  1  I  ia  generated  in  sizable  amounts  in  the  tool  industry.  A  large 
fraction  (v  90  t/a)  of  this  cobalt  ia  loat  by  Intentional  dilution  in  iron. 

Although  it  might  be  possible  to  improve  the  techniques  for  acrap  cleaning  and  for 
sorting  of  mixed  scrap  Into  different  fractions  it  appears  to  be  much  better  to  avoid 
mixing  and  contamination  of  scrap  in  the  firat  place.  A  possibility  would  be  to  design 
machine  tools  with  automatic  separation  of  acrap  according  to  composition.  At  some  places 
,  : eduction  scrap  is  collected  and  classified  by  hand,  this  method  is  however  expensive 
and  does  in  the  case  of  superalloya  not  always  result  in  a  high  enough  acrap  quality. 
Consultations  are  underway  in  the  FRG  how  an  automatic  scrap  separation  could  be  realized. 


Lost  Scrap 

Whereas  improvements  in  the  recycling  of  cobalt  contained  in  solid  acrap  appear  to 
be  technically  and  also  econosiical ly  feasible,  it  will  be  more  difficult  to  reduce  the 
other  cobalt  losses  occuring  during  production.  This  group  is  called  "Lost  Scrap**,  typi¬ 
cal  examples  are: 

-  Scale,  dust  and  sludge  collected  without  any  classification  so  that  cobalt 
is  lost  by  intentional  or  unintentional  dilution.  Aa  an  example,  all  cobalt 
is  loat  which  is  contained  in  grinding  and  sawing  dust  generated  in  the  pro¬ 
cess  of  investment  casting  of  superalloya. 

-  Heavily  contaminated  production  acrap  which  cannot  be  used  anymore  and  which 
is  therefore  disposed  of. 

-  Material  lost  in  recycling  processes. 

Loat  acrap  is  difficult  to  avoid.  It  is  of  particular  disadvantage  that  it  is  often 
generated  in  small  amounts  ao  that  one  la  easily  inclined  to  pay  not  attention  to  it.  The 
main  burden  to  reduce  these  losses  will  rest  on  operating  and  organizing  measures.  It 
will  be  necessary  to  further  integrate  production  steps  and  to  change  production  pro¬ 
cesses  in  such  a  way  that  the  scrap  generated  can  easily  be  used  again. 


Wo- technologies 

In  principal,  the  most  simple  way  to  reduce  losses  of  cobalt  contained  in  production 
scrap  is  to  generate  little  or  no  scrap  at  all.  Well  known  no-scrap-techniquas  are  powder 
metallurgy,  contlnuoua  casting,  forging  and,  as  a  special  exasq>le,  twist  rolling  of 
drills  instead  of  machining. 

Processes  characterized  by  the  removal  of  material  start  with  an  oversized  metal 
piece  which  is  worked  to  exact  dimensions.  The  reverse  procedure  should  in  principal  also 
be  possible:  To  start  with  an  undersized  piece  and  to  reach  the  desired  diamnsions  by 
adding  material  thus  avoiding  the  generation  of  scrap:  deposition  instead  of  removal. 

Physical  and  chemical  vapor  deposition  (PVD,  CVD)  and  piazza- spraying  are  today 
successfully  used  for  the  manufacture  of  thin  coatings.  It  should  be  rewarding  to  deve¬ 
lop  these  processes  towards  the  deposition  of  thick  layers.  Using  plasma-spraying,  tung¬ 
sten  layers  of  cm  thickness  have  already  been  zude. 

Scrap  is  not  generated  if  a  product  is  made  by  applying  a  synthetic  procedure,  by 
putting  parts  together.  Powder  metallurgy,  vapor  deposition  and  also  the  zuutufacture  of 
compound  structures  layer  by  layer  are  synthetic  processes.  Processes  of  this  kind  will 
be  of  great  importance  if  a  closed  cycle  technology  shall  be  established. 


The  terms  used  in  this  paper  are  sladlar,  but  not  always  Identical  to  those  defined 
in  (2,1). 
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S.  LOSS  OF  COBALT  DURING  SERVICE  AND  AFTER  USE 


Hear 


The  example  of  wear  demonstrates  that  In  practice  It  will  not  be  possible  to  estab¬ 
lish  an  ideally  lossless  material  cyle.  For  this  reason  one  has  to  avoid  wear  processes 
whereever  possible.  About  one  half  of  all  cobalt  wear  losses  occur  for  high  speed  steel 
and  hard  metal  tools,  mostly  in  machining  proceases.  No-scrap-technologies  making  the  use 
of  drills  and  mills  unnecessary  would  be  vary  beneficial.  If  friction  cannot  be  avoided 
wear  parts  should  be  built  from  materials  with  practically  unlimited  supply:  Mg,  Fe,  Al, 
Ti,  Si,  C,  N,  0,  H.  These  elements  are  not  only  plentiful,  they  are  also  not  toxic  [41, 
this  too  makes  an  Increased  use  desirable.  About  11  (  of  all  primary  cobalt  Imported  is 
needed  to  replace  cobalt  lost  through  wear. 


Mixing  of  <x>bal t- containing  and  cobalt- free  obftolttt  »cr«p 

The  by  far  largest  cobalt  losses  occur  when  cobalt  containing  used  products  are 
collected  together  with  steel  scrap  leading  to  loss  through  dilution  or  when  used  pro¬ 
ducts  are  disposed  of  as  refuse.  About  50  I  of  all  Imported  primary  cobalt  is  lost  this 
way  (Fig.  5). 


Ultimate 
Destination 
of  Cobalt 
in  Finished 
Products 
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Fiq.  5.  Ultimate  destination  of  cobalt  in  finished  products 
Federal  Repuolic  of  Germany  1981 


As  an  exaeple  cobalt  in  high-strength  steels  is  considered  which  are  used  for  in¬ 
stance  for  the  manufacture  of  aircraft  landing  gear.  After  use  these  products  are  collec¬ 
ted  together  with  other  alloy  steel  scrap.  It  can  be  aasuswd  that  due  to  the  in  general 
low  effectiveness  of  cobalt  in  steels  part  of  the  oobalt  is  lost  trough  dilution  in  iron 
when  the  scrap  is  remelted.  This  problem  is  enhanced  by  the  lack  of  a  suitable  recycling 
code  on  steel  products  which  would  fscilitate  the  separation  of  obsolete  scrap  according 
to  composition. 

Obsolete  hot  work  tool  scrap  (e.g.  in  superplastic  forming  tools)  is  classified 
according  to  the  content  of  Cr,  M,  Mo,  V  and  Hi,  but  not  of  Co,  also  in  this  case  loss 
through  dilution  could  be  reduced  with  the  aid  of  a  suitable  recycling  code. 

The  end  use  area  with  the  largest  cobalt  loss  is  that  of  magnetic  materials.  Magnets 
are  nearly  always  part  of  a  larger  product,  cannot  be  recovered  separately  because  of  the 
tight  connection  to  this  product  and  are  therefore  recycled  together  with  large  amounts 
of  steel  scrap.  Practically  all  cobalt  contained  in  magnets  (25  t  of  all  imported  primary 
cobalt)  is  loot  through  dilution  in  iron,  this  includes  all  magnets  in  electronic  air¬ 
craft  equipment  which  have  a  oobalt  oontent  of  up  to  50  8. 


The  moat  important  maaaure  to  reduce  thia  loss  la  to  deaign  producta  differently  aa 
it  ia  done  now:  deaign  for  eventual  recycling.  Producta  should  be  deaigned  in  auch  a  way 
that  after  uae  they  can  be  diaaeaembled  economically  ao  that  the  parta  obtained  can  be 
brought  back  in  the  production  cycle  with  full  uae  of  all  elementa.  It  will  be  important 
to  invent  joining  techniquea  allowing  eaay  aeparation.  Metal  parta  which  cannot  be  aepa- 
rated  becauae  otherwiae  the  product  would  not  fulfill  ita  function  ahould  have  a  compo- 
altion  that  the  remelted  alloy  can  be  uaad  again  (no  copper  in  ateel) . 

In  the  aircraft  lnduatry  the  poaalbllity  to  recover  cobalt  from  uaed  producta  la 
much  better  than  in  moat  other  end  uae  areaa.  The  reaaon  la  that  moat  of  the  cobalt  la 
contained  in  thoae  parta  of  a  jet  engine  which  can  aaaily  be  diaaeaembled,  i.e.  deaign 
for  recycling  ia  already  realized.  Modular  deaiqn,  introduced  to  facilitate  maintenance 
and  repair,  hae  been  beneficial  in  achieving  a  high  cobalt  recovery  rate. 

Although  atandarda  of  claaalfying  and  cleaning  uaed  engine  parta  are  high,  in  the 
FRG  remelted  uaed  auperalloya  are  not  allowed  to  be  uaed  again  for  the  manufacture  of 
let  engine  parta.  The  main  obatacle  ia  to  aecure  that  remelted  alloya  are  free  of  impurl- 
tlea  which  can  be  introduced  for  inatance  through  coating  materiala  or  parta  oxidized 
during  aervlce.  Obaolete  auperalloy  acrap  la  therefore  downgraded  whereby  cobalt  ia  loat 
through  dilution  if  it  ia  an  unwanted  element.  The  aituation  ia  nevertheleaa  conalderably 
better  than  in  other  end  uae  areaa,  e.g.  automotive  applicationa,  where  preaent  recycling 
methoda  lead  to  a  complete  loaa  of  cobalt  and  other  alloying  elementa  auch  aa  nickel, 
tungaten  or  chromium. 

The  amount  of  cobalt  needed  in  the  aircraft  lnduatry  in  other  than  auperalloy  parta 
(magneta,  toola,  high-atrength  ateela)  la  amall.  Since,  however,  the  recovery  ratea  are 
often  not  aa  high  aa  for  auperalloya,  cobalt  loaaaa  cannot  be  neglected.  It  will  be  necea- 
aary  to  introduce  deaign  for  recycling  alao  in  theae  areaa. 


6.  CONCLUSIONS 

Cobalt  la  loat  in  varioua  waya  and  in  all  application  areaa,  correapondingly  a  varie¬ 
ty  of  counteracting  meaaurea  will  have  to  be  applied.  Nevertheleaa,  two  loaaea  can  be 
identified  which  are  of  particular  Importance  becauae  of  their  magnitude:  The  cobalt  loaa 
in  uaed  magneta  and  the  loaa  through  dilution  in  ateel  production  acrap.  Strong  efforta 
to  lncreaae  cobalt  recycling  in  theae  fielda  ia  recomnended.  Improveroenta  ahould  be  par¬ 
ticularly  eaay  in  the  caae  of  ateel  acrap,  whereaa  reclaiming  cobalt  from  magneta  will 
take  a  longer  time  to  achieve. 

In  the  aircraft  lnduatry  cobalt  la  loat  not  only  in  thoae  materiala  conaidered  typi¬ 
cal  for  thia  lnduatry,  i.e.  high  atrength  ateela  and  auperalloya.  Cobalt  contained  in 
toola  and  magneta  ia  alao  loat.  It  will  be  neceaaary  to  reduce  loaaea  in  all  theae  areaa, 
and  thia  will  occur  only  in  amall  atapa.  Theae  efforta  will  not  only  be  beneficial  for 
cobalt,  they  will  reault  in  the  aavlng  of  other  alloying  elementa  aa  well. 

Looking  at  the  loaa  mechanlama  in  a  fundamental  way  one  recognizee  that  most  of  the 
cobalt  ia  loat  becauae  it  la  diluted  in  other  materiala  auch  aa  iron  or  nickel.  Thia 
appllea  to  acrap  generated  during  production  aa  well  aa  to  obaolete  acrap-  Simple  dia- 
cardlng  (throw  away)  ia,  contrary  to  common  belief,  only  rarely  the  cauae  of  cobalt 
loaaea.  Knowing  the  reaaon  for  cobalt  loaaea  one  can  apecify  the  meaaurea  how  they  can 
be  avoided. 

Not  to  generate  acrap  la  the  moat  baaic,  principally  moat  effective  meaaure  againat 

loaa . 

For  the  production  thia  meana  the  development  of  no-acrap-technologiea,  in  particu¬ 
lar  the  Invention  of  additive  proceaaea  for  the  manufacture  of  producta  (depoaltion  in¬ 
stead  of  removal) .  Growth,  the  proceaa  applied  by  Nature,  can  be  looked  at  aa  a  model, 
it  la  an  ideal  no-acrap- technology .  It  appeara  that  the  aircraft  lnduatry  preaente  a 
large  field  for  the  application  of  no-acrap-technologiea. 

In  the  caae  of  obaolete  acrap  the  amounta  of  acrap  generated  can  be  reduced  by 

-  Long  product  life  (coating,  corroaion  realetant  materiala) 

-  Repair  inatead  of  raplacement 

-  Deaign  for  material  caving 

Recauee  of  the  direct  economic  advantagee  which  can  be  obtained  with  these  meaaurea 
efforta  in  theae  fields  are  actively  persued  in  the  aircraft  industry. 

If  acrap  cannot  be  avoided,  the  next  step  la  to  avoid  mixing  of  different  scrap  ma- 
teriala  in  order  to  minimise  the  poaalbllity  of  loss  through  dilution.  Scrap  sorting  is 
neoaaaary  at  all  steps  of  the  material  cycle.  It  could  very  likely  nest  aaaily  be  achie¬ 
ved  in  the  caae  of  solid  production  acrap,  one  aain  reaaon  that  thia  ia  not  always  done 
ia  that  people  are  unaware  of  the  financial  gain  obtained  through  acrap  sorting.  Admitted¬ 
ly.  the  gain  la  small  when  primary  raw  materiala  are  cheap  aa  it  is  the  case  right  now. 
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Collecting  uncontaminated,  unmixed  obsolete  scrap  is  more  difficult.  The  most  effec¬ 
tive  measure,  design  for  recycling.  Is  practiced  today  only  on  a  small  scale.  A  complete 
change  or  even  reversal  in  design  principles  towards  an  attitude  of  thinking  beyond  the 
point  where  a  product  is  sold  will  be  necessary  and  will  certainly  be  unavoidable  in  the 
long  run. 

In  the  aircraft  industry  downgrading  of  superalloy  scrap  can  lead  to  loss  of  cobalt 
through  dilution.  In  Germany  downgrading  will  be  reduced  when  new  regulations  for  reuse 
of  scrap  will  be  introduced  in  the  near  future. 

The  last  step  to  avoid  cobalt  losses  comprises  the  recovery  of  cobalt  from  mixed 
and  contaminated  scrap  by  metallurgical  or  other  methods  and  the  refining  of  scrap  which 
could  otherwise  not  be  used  and  would  have  to  be  dumped.  Many  recycling  activities  are 
presently  concentrated  in  this  field.  These  efforts  together  with  those  for  scrap  avoi¬ 
dance  and  scrap  sorting,  can  contribute  significantly  to  ease  supply  problems  of  stra¬ 
tegic  elements. 
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The  primary  payoff  In  selection  of  wrought/ 
cast  alloys  containing  strategic  elements  is  per¬ 
formance,  not  cost.  For  example,  In  commercial 
engines,  the  temperatures  that  parts  are  exposed 
to  have  Increased  steadily  In  an  effort  to  Improve 
specific  fuel  consumption.  In  military  engines, 
higher  operating  temperatures  are  usually  governed 
by  efforts  to  Improve  thrust  to  weight  ratio. 

This  paper  will  review  the  trade-offs  that 
'  a  designer  must  make  In  the  selection  of  materials 

for  specific  component  applications.  Emphasis 
will  be  placed  on  discussion  of  what  options  are 
available  In  reducing  the  strategic  material  con¬ 
tent  of  the  engine  system  while  still  achieving 
performance  and  cost  objectives. 

"T 

Introduction 
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The  primary  payoff  in  selection  of  vrought/cast  alloys  for  gas  turbine  engines  Is  per¬ 
formance  In  cosseerclal  engines  the  temperatures  that  parts  experience  have  Increased 
steadily  In  an  effort  to  Improve  specific  fuel  consumption.  In  military  engines  (fighters) 
higher  operating  temperatures  are  also  seen  In  the  effort  to  Improve  thrust-to-welght  ratios 
The  critical  i1'  strategic  elements,  cobalt,  tantalum,  columblum  and  chromium,  are  utilized 
In  the  hot  section  superalloys  of  these  engines.  These  superalloys  are  used  in  the  forged, 
cast  and  sheet  forms.  Highly  loaded  components  such  as  turbine  disks  are  typical  of  forged 
applications  while  cast  applications  are  characterised  by  turbine  airfoils  such  as  rotor 
blades  and  stator  vanas.  While  subject  to  lower  steady  state  loadings  than  disks,  tha  air¬ 
foils  are  subjected  to  higher  thermal  and  vibratory  loads  as  well  as  a  more  erosive  and 
corrosive  environment .  the  significant  Increase  In  temperature/strength  capability  of  GE’s 
turbine  blade  alloys  Is  Illustrated  In  Figure  1.  Exhaust  nozzle  and  combustor  (roiled  sheet 
metal)  ccnsponents  are  subject  primarily  to  thermal,  hoop  and  vibratory  loads. 

Considerations  Involved 


Apart  from  the  foremost  consideration  of  flight  safety,  there  are  many  factors  re¬ 
lating  to  design  selection  for  gat  turbine  engines.  Obviously,  these  considerations 
vary  with  the  criticality  of  the  component  being  designed.  The  acceptability  of  a 
materials  change  Is  therefore  strongly  dependent  upon  component  loading  environment, 
criticality  and  by  the  extent  of  the  change.  That  is.  If  It  Is  a  change  from  a  cast 
to  a  wrought  alloy  tha  change,  while  probably  more  costly,  may  be  readily  acceptable 
because  of  the  higher  reliability  of  wrought  material  In  certain  applications.  However, 
a  change  from  a  wrought  alloy  to  a  cast  alloy  may  lsply  lower  design  capability  and 
therefore  be  more  difficult  to  justify  and  verify.  In  general,  tha  daslrablllty  of 
change  Is  governed  by  the  payoff.  Tha  payoff  must  ba  an  initial  cost  baneflt  to  the 
system,  resulting  In  a  mission  life  benefit  directly  applicable  to  reducing  system 
ownership  cost,  or  a  sought  aftar  systems  performance  Improvement.  In  any  case,  the 
state  of  technology  Is  such  that  reasonably  accurate  cost  estimates  of  the  proposed 
changes  effecting  Initial  costa,  ownership  cost  or  performance  payoffs  are  determinable 
to  both  aianufacturers  and  users  of  gas  turbine  engines. 

Beyond  the  cost  benefit ,  the  chances  of  developmental  program  success  must  be  con¬ 
sidered.  In  general,  It  la  true  that  high  cost  benefit  is  obtained  only  through  taking 
commensurate  risks.  It  would  ba  desirable  If  a  large  benefit  could  be  realised  with 
snail  risks.  However,  the  near  full  maturity  state-of-the-art  gas  turbine  engine 
technology  makes  this  opportunity  rare.  As  opposed  to  cost  benefit,  tha  chance  of  de¬ 
velopmental  success  la  a  more  difficult  criteria  to  assess.  It  must  be  remembered  that 
technology  advocates  may  not  always  fully  understand  tha  total  criteria  for  application 
success  associated  with  their  advocacy.  Therefore,  It  is  mandatory  that  design  engineers 
as  well  as  materials  and  program  managers,  understand  the  coat  benefit  and  more  Importantly 
the  overall  developmental  risk  analysis.  Once  pc-ltlve  agreement  Is  reached,  a  material 
of  high  systems  payoff  will  be  developed  and  applied  regardless  of  secondary  factors  such 
as  development  risk  and  strategic  eleswnt  content. 

**"A  status  review  of  NASA'i-  COS  AM  (Conservation  of  Strategic  Aerospace  Materials)  Program"  - 
J.I.  Stephens,  lewis  Research  Center,  Cleveland,  Ohio:  NASA  Tech. Mamo  BJ852. 
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In  g*s  turbine  engine*,  very  high  durability  la  required  for  critical  rotating  com¬ 
ponents  such  aa  trublne  dlak*.  Durability  la  alto  a  major  factor  for  laee  critical 
part*  «uch  aa  turbine  airfoil*,  although  operating  coat  may  be  tha  reaaon  for  change. 
Similarly,  the  reliability  of  component*  auch  a*  combustors  la  a  major  consideration  In 
term*  of  their  durability  and  Impact  upon  operating  and  siaintenanc*  coat*.  It  ahould 
be  noted  that  In  many  caaea  engine  durability  specifications  and/or  warranties  drive 
engine  producer*  toward  ualng  alloy*  of  high  atrataglc  material*  content.  These  require¬ 
ment*  properly  addrea*  the  ownership  coat  Issue  and  more  than  offset  initial  smnufactur- 
lng  cost  concern*  due  to  higher  raw  material  coat. 

The  third  consideration  1*  that  of  component  weight  and  else.  Component 
weight  In  gat  turbine  engine*  la  a  major  design  consideration  since  a  reduction  In  weight 
result*  In  reduced  fuel  consumption.  It  should  be  remembered  that  In  gas  turbine  engines, 
weight  Itself  It  compounded  by  the  weight  of  the  structure  required  to  mount  tha  engine 
and  the  structural  carry-through  members  needed  to  transmit  these  mount  loads  to  the  main 
aircraft  structural  system. 

Typical  examples  of  engine  weight  reduction  achieved  without  effecting  engine  dia¬ 
meter  or  length  are  the  substitution  of  composltaa  for  metals  in  engine  front  frames, 
ducts  and  other  areas  where  tha  low  temperature  composite  material*  now  routinely  avail¬ 
able  to  engine  designers  la  applicable  to  reliable  flight  safety  systems.  Other  areas 
where  engine  weight  has  been  reduced  without  dramatic  changes  in  slse  is  the  appllcetlon 
of  titanium  alloys  to  engine  compressor  sections.  The  high  strength  to  weight  ratio  of 
titanium  alloys  has  resulted  in  significant  weight  changes  in  many  of  todayYs  commercial 
and  military  engines.  Prom  a  design  standpoint  it  should  be  noted  that  the  high  strength 
of  titanium,  together  with  its  other  balanced  set  of  materials  properties,  wes  instru¬ 
mental  in  leaking  the  large  bypass  ratio  fan  engine  a  reality. 

Considering  poverplant  sice,  the  case  for  weight  reduction  through  size  reduction 
at  a  constant  thrust  rating  is  often  considered  because  this  approach  has  a  very  large 
impact  on  overall  systems  walght  reduction.  When  applying  materials  of  Increased 
specific  strength  to  rotating  components  such  as  turbine  disks  and  blades,  the  systems 
weight  Is  dramatically  reduced  because  rotor  rim  loads  are  reduced  and  allowable  tip 
speeds  are  Increased  which  then  allows  the  diameter  of  the  engine  to  be  decreased 
without  loss  of  performance.  This  Is  particularly  true  when  auch  alloys  can  be  applied 
throughout  the  rotating  components  or  at  laast  through  omjor  sections  of  the  engine 
such  as  the  high  pressure  compressor  or  high  pressure  turbine  rotors.  Therefore .  the 
effect  on  engine  weight  reduction  Is  magnified  most  through  tha  application  of  high 
strength  materials  In  rotating  engine  components.  These  nigh  strength  materials  also 
permit  more  work  per  stage  through  Increased  wheel  speeds  with  fewer  stages  for  the 
same  overall  pressure  ratio,  resulting  therefore  in  a  shorter  and  lighter  weight  engine. 

The  drive  toward  tha  use  of  composite  materials  In  engines  and  perhaps,  more  Importantly 
toward  tha  use  of  high  strength  suterials  such  as  tharmosmchanlcally  worked  turbine  disk 
alloys,  becomes  obvious  when  considering  the  escalating  cost  of  fuel  and  the  much  needed 
objective  to  reduce  fuel  burn  In  both  military  and  commercial  systems. 

A  fourth  area  for  consideration,  although  not  necessarily  directly  related  to  design 
aspect*.  Is  that  of  reducing  raw  tutorial  Input  weight  and  of  reclaiming  expensive  alloys 
containing  the  critical  elements.  (The  present  and  proposed  high  strength  wrought  and 
cast  alloys  contain  significant  quantities  of  chromium  and  on*  or  a»re  of  the  other  three 
critical  strategic  elements:  cobalt,  columblum  and  tantalus).  Reducing  raw  material 
Input  weight  Is  a  key  method  to  reduce  cost  and  simultaneously  conserve  these  strategic 
elements.  An  example  of  this  1*  shown  In  Figure  2  where  hot  die  forging  of  an  Inconel  718 
disk  will  reduce  the  quantity  of  billet  required  by  as  much  as  701.  Two  strategic  eleawnts, 
chromium  and  columblum,  are  therefor*  conserved.  Reclaiming  expensive  alloys,  I.*.,  the 
superalloys  (particularly  those  containing  the  strategic  elaswnts)  and  titanium  alloys, 
has  become  a  major  Initiative  of  engine  producers.  Recycling  these  alloys  Into  similar 
products  Is  Important,  because  when  superalloy  scrap  Is  sold  for  non-aerospace  revert 
purposes,  Its  value  Is  considerably  reduced  compared  to  Its  intrinsic  valua  (which  can  be 
more  easily  realized  by  recycling  the  alloy  scrap  into  the  same  or  similar  alloy).  There 
have  been  many  programs  designed  to  more  efficiently  recycle  gas  turbine  engine  alloys 
and  to  au In tain  these  allovs  within  the  aerospace  Industry  by  recycling  scrap  into  products 
similar  to  those  from  which  the  alloy  scrap  originated.  In  the  case  of  alloys  containing 
the  strategic  elements.  It  Is  not  only  Imperative  to  reduce  costs  by  recycling  these  alloys, 
it  Is  also  very  lamortant  that  they  be  recycled  back  to  an  aerospace  product  and  not  lost 
to  their  sx>st  critical  national  application. 

Another  major  area  of  consideration  Is  that  of  design  criteria.  Tha  design  criteria 
for  gas  turbine  engine  components  varies  considerably  from  component  to  component.  Ob¬ 
viously.  the  design  criteria  for  a  cold  section  composite  duct  In  the  fan  area  of  a  large, 
high  bypass  ratio  engine  are  considerably  different  from  that  of  a  cast  turbine  blade  in 
the  high  pressure  turbine  section.  The  design  criteria  applicable  only  to  metallic 
structures,  and  more  specifically  metallic  structures  which  typically  contain  the  atrataglc 
elements ,  will  be  considered  In  this  report.  The  principle  structure*  containing  the 
critical  strategic  elements  in  gas  turbine  engine*  are  turbine  dlaks  and  airfoils.  Addi¬ 
tional  uses  of  the  four  atrataglc  element*  la  component*  auch  as  combustors,  certain  case 
alloy*  and  shafting,  ^ille  important,  utilise  leas  of  tha  strategic  elements  In  volume 
consumed  then  high  pressure  turbine  dlaks  and  airfoils. 
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Due  to  the  flight  safety  criticality  end,  to  a  lesser  depree,  the  extent  of  possible 
secondary  damage  caused  by  failure,  much  time  and  effort  has  oeen  placed  upon  an  Improved 
understanding  of  turbine  disk  design  criteria.  Turbina  disks  are  subjected  to  a  wide 
spectrum  of  mechanically  and  thermally  Induced  stresses  during  any  given  mission.  The 
cumulative  effect  of  these  missions  Is  to  produce  component  degradation  by  several  pos¬ 
sible  mechanisms,  eg.  yield  growth,  creep  growth,  fatigue  and  environmental  degradation. 
Further,  the  manufacturing  process  itself  can  have  a  major  effect  upon  part  life.  To 
determine  disk  life,  or  more  Importantly,  minimum  disk  life  to  a  degraded  but  unfailed 
state,  a  complex  set  of  Interacting  variables  including  design  configuration,  mission 
profiles,  manufacturing  sequence  as  well  as  alloy  properties  must,  therefore,  be  properly 
assessed.  While  it  Is  unlikely  that  an  Improper  analysis  can  result  In  a  flight  safety 
problem.  a  conservative  design,  however,  can  result  In  decreased  engine  performance  re¬ 
lative  to  actual  system  capability. 

An  understanding  of  the  above  criteria  suggests  the  obvious  ...  when  an  alloy  and 
manufacturing  process  has  been  selected  only  a  major  systems  benefit  provides  sufficient 
Incentive  for  change 

The  disk  al loy/process  development  cycle  Is  shown  schematically  In  Figure  3.  There 
are  three  Important  things  to  note;  1)  the  process  takes  several  years,  2)  it  Is  very 
expensive  and.  2)  the  alloy  development  costa  reprasent  only  a  small  fraction  of  this 
total  cost 

Figure  4  shows  turbine  disk  raw  materials  cost  relative  to  total  cost.  The  major 
point  here  is  that  raw  material  cost  per  se  Is  a  small  fraction  of  the  component  cost. 

The  overall  conclusion  Is  obvious... a  major  change  In  elemental  material  cost  will 
not  drive  the  designer  toward  alternate  materials  selection  unless  the  designer  has  an 
established  parallel  alloy/process  which  he  can  readily  adapt ..generally  an  unlikely 
event  It  should  be  noted,  however,  that  the  cobalt  cost  escalation  of  l9;8  did  produce 
this  exact  reaction,  primarily  because  of  the  threatened  unavailability  of  cobalt; 
readily  adaptable  alloy  changes  (l.e.,  13.5?.  cobalt  Waspaloy  to  (ft  cobalt  Inconel  718) 
were  made  by  some  engine  producers. 

What  forces  the  designers  to  risk  a  new  alloy  system?  The  need  for  new  disk  alloys 
Is  established  by  mission  requirements  of  performance  or  weight  not  achievable  with  any 
available  material.  To  develop  needed  properties,  metallurgists  will  first  consider 
process  alteration  of  current  alloys.  If  this  Is  found  by  an  early  Judgment  evaluation 
of  limited  effort  to  be  Impractical,  the  metallurgist  will  then  turn  to  alloy  develop¬ 
ment.  The  development  process  is  directed  toward  achieving  the  goals  on  a  schedule 
consistent  with  the  product  Implementation  needs  with  the  lowest  possible  Impact  on 
resultant  component  cost  It  should  be  emphasized  that  the  alloy  development  and  reduc¬ 
tion  to  a  practice  tine  frame  can  be  significantly  reduced  (up  to  507.)  in  cases  where  an 
urgency  such  as  competitive  need  Is  forecast. 

Turbine  Airfoils 


While  not  as  critical  as  disks  from  s  flight  safety  viewpoint,  the  reliability  of 
turbine  airfoils  Is  strongly  related  to  operational  cost  as  turbine  airfoil  failure  can 
result  In  rather  extensive  secondary  danage  with  resultant  high  angina  removal  and  over¬ 
haul  cost . 

The  design  criteria  for  turbine  airfoils  necessitates  a  balance  of  environmental 
resistance  and  mechanical  properties.  Chromium,  cobalt  and  tantalum,  strategic  elenmnts 
utilized  In  turbine  airfoil  alloys,  are  important  In  achieving  this  balance.  Reduction 
of  the  cobalt  content  of  elrfoll  (and  disk)  alloys  has  been  the  goal  of  recent  studies; 
the  results  to  date  Indicate  that  the  present  cobalt  content  (usually  10-18%)  could  be 
reduced,  but  not  eliminated.  This  reduction  though,  would  require  extensive  laboratory 
evaluation  and  costly  engine  verlflcetlon  testing.  The  designer  Is  not  sufficiently 
antlvated  to  consider  this  reduction  without  an  offsetting  technology  benefit.  Figure  5 
depicts  a  typical  turbine  airfoil  development  plan  and  cost.  Reducing  cobalt  content 
from  157.  to  57.  In  a  one-pound  airfoil  by  substituting  nickel  would  save  .1  pounds  of 
cobalt  per  airfoil.  At  a  coat  differential  of  $20  per  pound,  a  cost  savings  of  about  $2 
per  airfoil  would  then  be  realized ...  little  Incentive  for  risk  Implementation  or  a  large 
scale  developaMnt  effort  In  faca  of  the  component  unknowns  of  coating  coaq>atlbllity , 
thermal  fatigue  life,  etc.  Therefore,  again  as  In  the  disk  case,  the  designer  would  be 
motivated  for  change  only  when  a  significant  and  starketable  (needed)  mission  benefit  can 
be  achieved.  This  trend  Is  evident  when  one  realizes  that  the  most  recent  changes  in 
turbine  elrfoll  technology  are  driven  by  alloy/process  innovations  such  as  directional 
solidification  of  tailored  turbine  airfoil  alloys.  In  this  case,  a  significant  and 
desired  technological  benefit  Is  gained.  The  introduction  of  directionally  solidified 
airfoils  has  essentially  eliminated  the  development/modification  of  equlaxed  turbine 
airfoil  alloys  even  though  there  has  been  concern  for  the  critical  element  content  of 
the  widely  used  equlaxed  alloys. 


Conclusion* 


1.  Currant  superalloy*  require  two  or  niora  of  tha  strategic  a  lament*,  chromium ,  cobalt 
tantalum  and  columblum,  and  will  continue  to  do  so  In  tha  foreseeable  future. 

2.  Readily  adaptable  superalloy  system  changes  to  conserve  cobalt  have  already  been 
adopted  during  1978-80. 

3.  Results  from  research-ln-progress  Indicate  that  a  significant  amount  of  cobalt  In 
superalloy*  tan  be  substituted  for  by  non-strategic  el amen ta.  Exploitation  of 
these  results  require  costly  and  time  consuming  alloy  optimization  and  engine 
verification  programs  funded  by  both  Industry  and  government.  These  programs  will 
begin  only  when  they  are  warranted  by  sufficient  economic  Incentive  and  by  a  high 
level  of  supply  Insecurity  such  as  the  sharp  price  rises  and  perceived  supply 
problems  that  occurred  In  1978. 

U  The  development  of  advanced  high  performance  alloy  systems  can  and  should  be  directed 
toward  strategic  element  conaervatlon  without  Jeopardizing  the  risk  of  application 
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SUMMARY 

"'The  United  States  imports  over  90  percent  «. !  its  cobalt,  chromium,  tantalum  and 
columblum  --  all  Key  elements  in  nigh  temperature  mckei-Dase  superalloya  tor  aircraft 
gas  turbine  disks  and  airfoils.  NASA,  through  joint  qovernment/industry/umversity 
teams,  has  undertaken  a  long-range  research  program  (COSAM  -  Conservation  of  Strategic 
Aerospace  Materials)  aimed  at  reducing  or  eliminating  these  strategic  elements  by  exam¬ 
ining  tneir  basic  roles  in  superalloys  and  identifying  viable  substitutes.  Tnis  paper 
discusses  research  progress  in  understanding  the  effects  of  cobalt  and  iom  possible 
substitutes  on  microstructure,  mechanicsl  properties,  anu  environmental  resistance  of 
turbine  alloys. 


INTRODUCTION 

The  United  States  is  mghly  dependent  on  foreign  sources  for  many  materials  teguirea 
for  its  economic  health.  In  the  aerospace  industry  tne  four  metals,  cooalt,  chromium, 
tantalum,  and  colua&ium  have  been  identified  as  strategic  materials.  The  United  States 
imports  in  excess  of  90  percent  of  each  of  these  metals,  and  one  country  controls  a  major 
portion  of  the  U.S.  supply  (ref.  1)  for  each  metal.  The  National  Materials  and  Minerals 
Policy,  Research,  and  Development  Act  of  i960  (ref.  2)  has  helped  to  focus  attention  on 
this  critical  problem  that  faces  not  only  the  aerospace  industry,  but  most  other  indus¬ 
tries  as  well.  Government  agencies  are  responding  to  this  Act  by  conducting  research, 
holding  public  workshops  and  conferences,  and  coordinating  efforts  througn  various 
committees. 

NASA  Lewis  Research  Center  has  undertaken  a  long-range  program  in  support  of  the 
aerospace  industry  aimed  at  reducing  the  need  for  strategic  outer lais  used  in  gas  tur¬ 
bine  engines  (rets.  3  to  5).  The  ; rogram  is  called  "COSAM  -  Conservation  Of  Strategic 
Aerospace  Materials."  This  program  nas  three  general  objectives;  tney  are 

(1)  To  contribute  basic  scientific  understanding  to  tne  turbine  engine  "technology 
bank"  so  as  to  swintain  our  national  security  In  possible  times  of  constriction  or 
interruption  of  our  strategic  material  supply  lines. 

(2)  To  nelp  reduce  tne  dependence  of  United  States  military  and  civilian  gas  tur¬ 
bine  engines  on  disruptive  worldwide  supply/price  fluctuations  in  regard  to  strategic 
swterials. 

(3)  To  help  minimise  the  acquisition  costs  as  well  as  optimise  performance  of  suen 
engines  so  as  to  contribute  to  the  United  Ststes  position  of  preeminence  in  world  gas 
turbine  engine  markets. 

To  achieve  these  objectives,  the  COSAM  program  is  developing  the  basic  understanding 
of  the  roles  of  strategic  elements  in  today's  nickel-base  superalloys  and  will  provide 
tne  technology  base  upon  wnicn  their  use  In  future  aircraft  engine  alloys/components  can 
be  decreased.  Technological  thrusts  in  three  major  areas  are  underway  to  meet  these 
objectives.  Tnese  thrusts  are  strategic  element  substitution,  advanced  processing  con¬ 
cepts,  and  alternate  material  identification.  Based  on  criticality  of  need,  initial 
efforts  are  concentrated  on  the  strategic  elements  cobalt  (97  percent  imported) ,  cnromium 
(91  percent  imported),  tantalum  (91  percent  imported),  and  columblum  (100  percent  im¬ 
ported)  .  Tma  paper  will  focus  on  tne  major  thrust  of  strategic  element  substitution 
and  specifically  on  tne  roles  of  cobalt  in  commercial,  nickel-base  superalloya. 

The  strategic  nature  of  cobalt  in  the  U.S.  arises  not  only  because  of  the  nign  im¬ 
port  dependence,  but  also  oecauae  of  the  locetton  of  the  major  sources,  (sire  and  Zamoia 
in  aoutnern  Africa,  as  illustrated  in  figure  1.  The  stability  of  the  governments  in 
tnese  two  countries  is  of  major  conoern  (ref.  6),  and  it  was  the  invasion  of  Zaire  in 
1978  tnat  led  to  the  dramatic  price  increase  and  shortage  of  cobalt  in  the  U.S.  in  1978 
through  19S0.  As  a  result  of  tne  price/supply  situation  for  cobalt  in  1978  througn  19S0, 
the  united  States  has  experienced  a  decline  in  cobalt  usage  (ref.  7).  Figure  2  shows 
that  20  million  pounds  of  cobalt  were  consumed  in  197S,  but  by  19S2  usage  waa  down  to  an 
estimated  10.4  million  pounds,  a  reduction  of  nearly  SO  percent  during  the  4-year  period. 
It  should  be  pointed  out  that  the  stunted  U.S.  economy  in  19S1  and  1982  has  undoubtedly 
contributed  to  this  decline  in  cobalt  usage,  (hiring  this  sane  period,  the  use  of  cobalt 
to  produce  superalloya,  primarily  nickel-base  alloys  for  aircraft  engines,  increased 
from  4  million  pounds  in  197S  to  a  peak  of  7.2  million  pounds  in  19S0  before  it  declined 
to  an  estimated  ].S  million  pounds  in  19S2.  The  decline  in  U.S.  aerospace  consumption 
of  cobalt  may  be  attributed  in  part  to  the  economy,  but  concerted  actions  by  tne  gas 
turbine  engine  manufacturers  to  reduce  cofielt  usage  through  efforts  suoh  as  substitution 
and  near  net  shape  processing  also  have  contributed  to  tnis  downward  trend. 
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Superalloys  still  remain  the  major  ussr  of  cobalt  within  tna  U.S.  economy  as  snown 
in  figure  1.  Of  ths  10.4  million  pounds  of  cobalt  consumed  by  tna  unltsd  Statsa  In 
1982 ,  37  psrcsnt  of  it  wont  for  suparalloy  production  uasd  primarily  for  aircraft  gas 
turbins  engines  (rsf.  1).  Ths  dapandanca  of  gas  turbina  anginas  on  ths  stratagic  mata- 
nal  cobalt  as  wall  as  tha  othar  stratagic  materials  Is  lllustratad  in  figura  4.  Tna 
strategic  metals  cobalt,  chromium,  tantalum,  and  columblum  are  contained  In  superalloys, 
stainless  steals,  and  steels  that  are  Uiied  In  angina  manufacturing  in  such  componants  as 
compressors,  combustors,  and  turbines.  Tha  naad  for  thaaa  matala  has  increased  as  the 
demands  have  grown  for  higher  durability  plus  hignet  performance,  fuel  efficient  air¬ 
craft  turbine  engines.  For  example,  tha  strategic  metal  input  requirement  tor  an  P100 
turbofan  engine  is  shown  in  figure  5  to  be  about  2500  pounds.  Based  on  tne  essential 
nature  of  these  metals  and  in  order  for  the  U.S.  aircraft  industry  to  maintain  its  com¬ 
petitive  position,  supplies  must  be  readily  available  at  a  reasonably  stable  cost  or 
conversely  substitute  material  technology  must  be  on  the  shelf  which  will  allow  engine 
manufacturers  to  use  alternative  materials  in  the  event  of  a  strategic  material  cutoff 
or  price  escalation  such  as  occurred  in  1978. 

Because  of  the  importance  of  cobalt  to  the  aircraft  engine  industry  several  research 
programs  were  initiated  as  part  of  the  COS AM  program  to  determine  the  roles  of  cobalt  in 
motel-base  superalloys  which  constitute  the  major  use  of  cobalt  in  U.S.  aircraft 
engines.  A  further  objective  of  the  programs  was  to  identify  leas  strategic  substitutes 
for  cobalt  in  a  variety  of  nickel-base  superalloys.  Sucn  research  efforts  could  nave 
long-term  national  benefits,  and,  in  addition,  the  methodology  developed  in  these  pro¬ 
grams  could  serve  as  a  model  for  future  efforts  involving  other  strategic  elements. 

Three  nickel-base  superalloys  were  initially  selected  for  the  COSAM  investigation  on 
cobalt.  The  three  alloys  are  listed  in  Table  1  with  their  typical  applications  in  the 
aircraft  engine  industry,  the  forma  in  which  they  are  used  and  remarks  as  to  why  they 
were  selected  for  the  COSAM  activity.  Applications  include  turbine  disks  as  well  as 
low-  and  high-pressure  turbine  blades.  A  variety  of  product  forms  are  represented  Dy 
the  applications  of  the  three  alloys  as  noted  in  the  table.  The  sel>'-tion  of  tne  alloys 
was  based  primarily  on  the  considerations  given  in  this  table.  Maspuioy*  was  selected 
because  it  represented  the  highest  tonnage  of  cobalt  in  commercial  aircraft  engines. 
Udimet*-700  was  selected  because  it  has  a  composition  similar  to  many  of  the  cobalt- 
containing  nickel-base  superalloys,  and  it  la  used  in  the  as-cast,  as-wrougnt  ingot, 
as-wrought  powder,  and  aa-HIP  powder  metallurgy  fabricated  conditions.  Thus,  tha  compo¬ 
sition  versus  processing  study  opportunities  were  great.  The  potential  for  determining 
the  impact  of  cobalt  on  both  conventionally  cast  and  O.S.  polycrystalline  and  single 
crystal  turbine  blades  was  the  reason  for  selecting  MAR-M*247.  After  initial  evaluation 
of  these  three  alloys,  additional  alloys  Nimonic*  115  and  udimet  720  were  added  to  the 
program  to  further  illucidate  the  roles  of  cobalt  in  nickel-base  superalloys. 

The  COSAM  Program  is  constituted  as  a  cooperative  program  involving  NASA,  universi¬ 
ties  and  industry.  Various  research  efforts  are  being  conducted  under  the  overall  pro¬ 
grammatic  management  of  the  NASA  Lewis  Research  Center.  Some  of  this  work  is  being 
conducted  in-house  at  Lewis.  There  are  also  cooperative  projects  under  way  involving 
Lewis  with  both  industry  and  universities  to  optimise  the  expertise  at  each  organisation 
and  to  seek  synergistic  results  from  the  combined  efforts.  This  research  cooperation  is 
presented  graphically  in  figure  8.  Typical  roles  for  each  organisation  are  snown. 

These  roles,  of  course,  vary  from  project  to  project.  For  example,  one  project  can 
involve  an  industry  contract  or  a  university  grant  for  the  bulk  of  the  effort  with  a 
range  of  supporting  contributions  from  the  other  partners.  Another  project  may  be  con¬ 
ducted  mainly  in-house  at  Lewis  with  a  range  of  support  from  industry  or  a  university, 
universities  involved  in  the  cobalt  substitution  program  include  Columbia  University, 
Purdue  university,  and  Case  Western  Reserve  University.  Industry  involvement  on  this 
program  includes  Special  Metals  corporation,  Battelle  Columous  Laboratories,  and  I1T 
Research  Institute. 


RESULTS 

Metallurgy 

Central  to  the  studies  being  performed  under  the  COSAM  Program  are  efforts  to  gain  a 
basic  understanding  of  the  alloying  effects  of  cobalt  in  nickel-base  superalloys.  A  sig¬ 
nificant  effort  nas  therefore  been  directed  toward  studying  tne  physical  metallurgy  of 
low  cobalt  derivatives  of  several  comawrcial  nickel-base  superslioys.  These  studies  will 
be  reviewed  here  with  regard  to  the  y  -  y  •  relationships  and  other  microconstituents. 

y  -  t  *  Relationships.  The  effects  of  reducing  cobalt  content  on  liquidus,  soli¬ 
dus  and  gamma  prime  solvus  temperatures  were  determined  for  0dimet-700,  Nimonic  115, 
Udimet  720,  and  NAR-N247  (refs.  •  to  11).  The  nominal  alloy  composition  and  >'  con¬ 
tent  of  the  alloys  are  listed  in  Table  2.  As  one  might  expect  in  systems  with  4-7  com¬ 
ponents,  no  universal  trends  were  observed,  in  these  alloy  systema,  it  was  observed 
that  reducing  uobelt  increased  the  y '  solvus  temperature  typically  about  3*  C  per  atom 
percent  of  cobalt.  Jarrett  et  al.,  (ref.  •),  have  rationalised  this  behavior  with  find¬ 
ings  of  Reslop  (ref.  12)  end  Hauer,  et  al.,  (ref.  13)  in  terms  of  a  pseudo-binary  phase 
diagram  based  on  aeslop's  work.  Their  diagram  shown  in  figure  7  shows  thst  at  low  levels 
of  y'  formers  (Al  ♦  Ti),  reducing  cobalt  lowers  the  y'  solvus  while  at  higher 

•The  trade  names  Hasps loy,  udimet,  NAA-M,  henl  and  Nimonic  are  for  United  Tecunol ogles 
Corporation,  Special  Metals  Corporation,  Martin  Marietta  Corporation,  General 
Electric  company,  and  the  Inoo  family  of  oompanlos,  respectively. 


level*,  typical  of  modern  superslioys,  the  behavior  reverse*.  A  cros*-over  point  occur* 
at  about  7  atoaic  percent  A1  ♦  Ti,  the  composition  of  Maspaloy,  where  it  is  inferred 
that  the  y '  soivus  temperature  is  independent  of  cobalt  content. 

Of  Interest  for  heat  treating  and  working  these  alloys  is  the  change  in  the  solidus 
temperature  as  a  function  of  cobalt  content.  For  most  compositions,  reducing  cobalt 
content  appeared  to  raise  the  solidus  temperatures,  the  exception  being  the  small  (5  wt. 
percent  )  cobalt  content  in  the  Udimet-700  alloy  series  (ref.  14),  and  in  a  single  crys¬ 
tal  derivative  of  MAR-M247  (ref.  11).  The  general  trend  however,  is  that  while  reducing 
cooalt  increases  the  y*  soivus  and  solidus  temperatures  in  higher  y ’  fraction  alloys, 
the  difference  between  the  y*  soivus  and  solidus  temperature  decreases  witn  removal  of 
cobalt  from  the  alloys. 

In  tne  alloys  Maspaloy,  Udimet-700,  single  crystal  MAR-N247  and  Mimonlc  115  nickel 
substitution  for  cobalt  had  little  effect  on  the  amount  of  y*  formed,  fnis  would  have 
been  anticipated  from  the  reported  (ref.  15)  average  y*  partitioning  ratio  for  cobalt 
of  0.37  (1.0  being  equal  partitioning  to  y*  and  y).  For  MAR-M247,  however,  decreas¬ 
ing  cooalt  decreases  the  amount  of  y1  (ref.  10).  The  independence  of  y'  content 
with  cobalt  level  was  previously  reported  (ref.  15)  in  the  Russian  literature  tor  tne 
cast  alloy  ZhS6K. 

As  on*  might  expect,  because  the  lattice  parasMter  for  face-centered-cubic  cobalt  is 
greater  than  nickel  or  NliAl,  a*  nickel  is  substituted  for  cobalt  the  lattice  parameter 
for  both  y  and  y '  phases  tend  to  decrease.  The  lattice  parameter  of  y 1  in  Maspaloy 
increased  as  cobalt  content  was  reduced  (ref.  13).  However, the  axreunt  of  y-y*  mismatch 
tended  to  decrease  for  Maspaloy  and  increased  for  Udimet-700  with  reducing  cobalt  con¬ 
tent.  It  is  thought  that  the  effects  on  lattice  parameter  and  mismatch  result  both 
directly  from  cobalt  and  indirectly  from  the  influence  that  cobalt  has  on  tne  relative 
solubility  of  the  other  element*  in  the  y  and  y*  phases. 

Cobalt  has  been  shown  to  affect  the  solubility  of  other  alloying  elements  in  nickel- 
base  alloys  by  several  investigators.  Heslop  (ref.  12)  showed  that  20  percent  cobalt 
decreases  solubility  for  titanium  and  aluminum  in  nickel  -  20  percent  chromium  alloys. 
More  recently  in  the  COSAM  Program,  Jarrett  et  al.  (ref.  8)  and  Nathal  and  Ebert  (ref. 

11)  have  shown  that  reducing  cobalt  also  affects  the  relative  solubilities  of  chromium 
and  nickel  in  y  and  y‘  in  udimet-700  and  MAR-M247.  Similar  results  have  also  been 
reported  by  Maurer  et  al.  (ref.  13)  for  Maspaloy. 

Other  mtcroconstituents.  The  nickel-base  superalloys  normally  contain  significant 
amounts  of  intentionally  added  carbon  and  boron.  Therefore  in  rost  compositions  one 
finds  a  variety  of  carbide  phases  and  borides.  Further,  after  long  time  exposure,  addi¬ 
tional  phases  such  as  sigma,  mu  or  terminal  solid  solution  of  the  body-centered-cublc 
elements  have  been  observed.  The  single  crystal  derivitles  of  MAR-M247  studied  in  this 
program  did  not  contain  intentionally  added  carbon  and  boron  -  therefor*  their  behavior 
is  not  included  here. 

Radavich  and  Engel  (ref.  17)  have  reported  that  reducing  cobalt  in  Udimet-700  nas 
little  effect  on  carbide  suss,  but  causes  the  major  carbide  to  change  from  TiC  to 
chromium  rich  MjiC^.  The  latter  carbide  further  changes  from  a  fine  grain  boundary 
morphology  at  intermediate  cobalt  levels  to  a  massive  morphology  at  8.6  percent  cobalt. 

A  small  decrease  in  tne  amount  of  MjBj  was  also  observed  with  decreasing  cobalt  axmunts. 
After  aging  at  815*  C  for  1000  hours  sigma  phase  was  observed  in  compositions  having  8.6 
percent  or  more  cobalt. 

Nathal  (ref.  10)  observed  that  for  MAR-M247  the  weight  fraction  of  carbide  increased 
by  i  wt.  percent  and  the  morphology  changed  from  discrete  particles  to  a  grain  boundary 
film  as  the  cobalt  was  reduced  from  10  percent  to  0  percent.  The  carbides  were  identi¬ 
fied  as  MC  types.  Exposure  to  982*  C  for  1000  hours  caused  tne  formation  of  MbC  needles, 
but  no  sigma  or  mu  phases  were  observed  at  any  cobalt  level. 

Observations  by  Radavlcn  and  Engle  (ref.  17)  for  Nimonlc  115  also  snowed  a  shift  in 
carbide  morphology  with  changing  cobalt  levels.  At  10  percent  cobalt  the  carbides  are 
randomly  distributed  particles,  while  at  5  and  0  percent  cobalt  grain  boundary  films  are 
observed  in  the  as-rolled  condition.  They  suggest  that  reducing  cobalt  decreases  tne 
solubility  of  the  gamma  for  carbon  and  boron.  A  similar  effect  of  cobalt  on  carbon  sol¬ 
ubility  has  been  reported  for  MEAL  76  (ref.  18). 


Mechanical  Properties 

of  prim*  Interest  In  the  COEAM  program  is  the  assessment  of  how  muon  cobalt  might  be 
reduced  from  nickel-base  superalloys,  while  still  offering  useful  engineering  alloys. 

The  tensile,  stress  rupture  end  low  cycle  fatigue  properties  of  low  cobalt  alloys  will 
be  discussed  in  this  section.  Readers  are  cautioned,  however,  the  data  were  obtained 
from  small  heats  and  commercial  sise  heats  night  result  with  differing  properties. 

Tensile  properties.  The  room  temperature  tensile  properties  of  cobelt  modified 
Ud lost -70s  given  either  a  partial  or  full  y'  solution  treatment  are  shown  in  figure  • 
(ref.  8).  The  elevated  temperature  strength  of  cobalt  modified  NMI-IU47  (ref.  19)  ace 
shown  in  figure  9.  In  sll  cases,  it  esn  be  seen  tost  cobalt  nas  only  little  influence 
on  the  ultimate  and  yield  strength  of  the  alloys.  Earlier  work  (ref.  It)  by  Laahko 
et  al.,  also  showed  that  additions  of  10  percent  oobelt  changed  the  tensile  and  yield 
strength  of  ShEtl  only  about  10  percent. 


Stress-rupture  lit*.  Tna  stress  ruptura  behavior  of  Udine t-7Q0  (caf.  14)  waa  alao 
studied  in  two  heat  traataant  conditions.  Ona  haat  tcaataant,  typical  of  that  which 
•i9ht  ba  given  to  sMterials  intandad  for  low  taaparatura  service,  for  exaaple  disk  appli¬ 
cations,  uaad  a  aub-aolvua  traataant,  thua  retaining  a  ralativaly  fina  grain  aixa.  Tna 
other  traataant  Intandad  to  aaxialsa  high  taaparatura  propartiaa  aa  requited  for  blaaa 
application*,  uaad  a  full  y*  aolution  traataant.  Tna  atraaa  ruptura  raaulta  ara  aua- 
aatiaad  in  figure  10.  Pot  aatarlala  given  partial  y*  aolution  traataanta,  (fig.  10(a)) 
Haifa  (raf.  20)  raaulta  ahow  that  0  parcant  cobalt  and  17  parcant  cobalt  ailoya  nava 
about  tha  aaaa  ruptura  lifa,  with  a  aaxlaua  occurring  at  about  4  1/4  parcant  cobalt. 
Jarratt  and  Tian  (raf.  14)  howavar,  ahow  that  tha  ruptura  lifa  la  indapandant  of  cobalt 
batwaan  •  1/2  parcant  cobalt  and  17  parcant  cobalt,  but  balow  6  1/2  parcant  cobalt  tha 
atraaa  ruptura  lifa  dacraaaaa  aignif icantly.  It  can  ba  aaan  that  whan  tha  alloy  la  haat 
traatad  to  fully  aolution  tha  y'  (fig.  10(b)),  that  tha  atraaa  ruptura  lifa  at  tha  low 
atraaa  incraaaaa  linaarly  with  cobalt  raduction  in  Udiaet-700.  Thia  haa  baan  attrioutad 
by  Jarratt  at  al.,  (raf.  8)  to  ba  dua  to  foraation  of  incraaaing  aaounta  of  fina  y'  in 
tha  lowar  cobalt  ailoya.  No  axplanation  ia  of  farad  for  tna  bahavior  at  tha  highar  atraaa 
of  689  MPa  whara  tha  lifa  ia  indapandant  of  cobalt  laval. 

If  ona  axaainaa  tna  dataila  of  tha  haat  traataanta  it  ia  found  that  Harf  uaad  a 
partial  aolution  taaparatua  about  40*  C  balow  tna  y1  aolvua  taaparatura  for  ail  of  nia 
ailoya.  Jarratt  at  al.,  on  tha  othar  hand,  uaad  a  partial  aolution  taaparatura  about 
40*  c  balow  tha  y‘  aolvua  batwaan  8  1/2  and  17  parcant  cobalt,  but  uaad  a  conatant 
taaparatura  of  1129*  C  for  tha  0  to  8  1/2  parcant  cobalt  ailoya.  That  raaulta  in  a 
aolution  taaparatura  which  ia  incraaaingly  balow  tha  aolvua  for  tha  ailoya  batwaan  8  i/2 
and  o  parcant  cobalt.  At  40*  C  balow  tha  y '  aolvua  tha  aaount  of  y '  changaa  about 
1/4  parcant  (wt.)  par  dagraa  C  aa  tha  teaperature  changaa  (raf.  21).  Tna  y'  aolvua 
incraaaaa  at  a  rata  of  about  J*  C  par  parcant  of  cobalt  raa»vao.  Thua  ona  would  axpact 
tnat  tha  0  parcant  cobalt  alloy  atudiao  by  Jarratt  at  al.,  would  contain  about  6  parcant 
lata  fina  y*  than  tha  8  1/2  parcant  cobalt  alloy.  In  fact  thay  raport  28.8  parcant 
fina  y1  in  tna  0  parcant  cobalt  alloy  coaparad  to  34.2  parcant  for  tha  8  1/2  parcant 
cobalt  alloy  or  5.4  parcant  laaa  fina  y*.  It  aaaaa  that  tha  loss  in  atraaa  ruptura 
Ufa,  with  raducad  cobalt  obaarvad  by  Jarratt  at  al.,  can  ba  largaly  axplainad  in  taras 
of  tha  raducad  fina  y1  available  for  atrangthaning . 

Natnal  at  al.,  (raf.  19}  raportad  dacraasad  atraaa  ruptura  lifa  for  raducad  cobalt 
polycryatal 1 ina  MAR-M247.  Thia  ia  ahown  in  figure  11(a).  Thay  attributed  tha  loaa  of 
rupture  life  to  both  reduced  y'  aaounta  with  dacraaaing  cobalt  lavala  and  to  the  for* 
nation  of  a  grain  boundary  carbide  fila  at  0  parcant  cobalt.  In  contraat,  Natnal  and 
Ebert  (raf.  11)  reported  an  incraaae  in  ruptura  life  with  dacraaaing  cobalt  in  atrippeo 
MAR-M247  aingle  cryatala  aa  ahown  in  figure  11(b).  Tha  abaenca  of  grain  boundariea  and 
nanca  carbide  fila  foraation  aay  contribute  to  the  ravaraal  in  bahavior. 

For  tha  low  y'  voluaa  fraction  alloy,  Naapaloy,  Naurar,  at  al.  (ref.  13),  reported 
dacraaaing  atraaa  ruptura  livaa  with  dacraaaing  cobalt  lavala.  The  alight  decreaae  in 
tna  aaount  of  y '  in  tna  low  cobalt  ailoya  could  not  account  for  the  loaa  of  rupture 
Ufa  obaarvad.  Thay  attributed  part  of  the  rupture  lifa  degradation  to  botn  a  change  in 
carbide  partitioning  at  tha  grain  boundariea  and  to  incraaaing  the  atacking  fault  energy 
of  tha  aatrix  with  reducing  cobalt  content.  Law,  at  al.  (raf.  18),  uaeo  aiallar  reason- 
ing  to  explain  the  reduced  creep-rupture  bahavior  of  0  percent  cobalt  MBKL  76  and  AFii5 
ailoya. 

Low  cycle  fatigue.  Craap-fatigua  taata  w ara  conducted  on  axially-loaded  apaciaana 
of  Naapaloy  at  538*  C  and  udiaet-700  at  760*  C  (rafa.  22  and  23).  Four  different  typea 
of  etrain-controlled  teat  cyclaa  ware  performed  on  each  coapoaltion  of  the  reduced  cobalt 
ailoya.  Theae  cyclaa  ara  liatad  balow  and  the  reaultant  atraaa-atrain  hyatareaia  loop* 
ara  llluatratad  in  figure  1 2 > 

PP  -  Hign  frequency,  0.5  Hi  triangular  wava  fora. 

CP  •  Saaa  aa  PP,  except  with  a  1-ainute  hold  period  at  peak 
tenalle  atraln. 

PC  -  Saaa  aa  PP,  except  with  a  1-ainute  hold  period  at  peak 
coapraaaion  atraln. 

CC  -  Saaa  aa  pp,  except  with  a  1-ainute  hold  period  at  both  peak 
tanaile  and  coapraaaion  atraina. 

For  direct  coapariaon,  tha  craap-fatigua  teat  raaulta  ware  noraalised  by  uaing  a  calcu¬ 
lated  life  for  an  axial  Inelaatic  atraln  range  of  0.0025  ca/ca,  Ny.0025.  The  raaulta 
of  thia  analyaia  are  ahown  in  figure  13  for  tha  two  raducad  cobalt  content  eenee  ot 
ailoya.  Bxaaination  of  tha  Naapaloy  data  auggasta  that  reducing  tha  cobalt  content  of 
thia  alloy  did  not  hava  an  influence  on  fatigue  life.  Tha  alloy  with  0  parcant  coo* it 
exhibited  fatigue  livaa  equal  to  the  standard  13  percent  cobalt  Naapaloy  for  aoat  of  the 
creep-fatigue  cycles.  Kxaaination  of  the  Udiaet-700  data  suggests  tnat  fatigue  life  ia 
independent  of  cobalt  content  for  PP  and  CP  cycles,  in  contraat,  the  CC  and  PC  cylea 
draatieally  reduced  fatigue  lives  of  the  standard  17  peroent  cobalt  Udiaet-700  alloy 
while  all  the  reduced  coball  content  alloys  exhibited  longer  lives  tor  theae  two  cycles, 
based  on  theae  Halted  results,  it  is  concluded  that  the  reduction  and/or  reaoval  of 
cobalt  frea  Naapaloy  and  udiaet-700  la  not  detriaental  to  their  short-tiae,  oreep-fatlgue 
resistance. 

Thotasl  fatigue.  If facts  of  reducing  cobalt  content  in  Udiaet-700  on  tneraal  ta- 
tigue  resistance  were  deterained  by  fluidised  bed  testing  (ref.  24).  Triplicate  test 
speciaens  of  each  alloy  coapoaltion  wars  hosted  by  laasrsion  in  a  hot  bod  for  1  alnutea 
followed  by  laasdlate  transfer  to  a  cooler  bed  tor  an  laasrsion  tlae  of  3  alnutea.  Tuts 
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cycle  was  rapaatad  until  spaclaian  failure  occurred.  Specimens  were  examined  after  eacn 
500  cycles,  failure  was  taken  as  the  average  of  the  number  of  cycles  at  the  last  inspec¬ 
tion  without  cracks  and  the  number  of  cycles  at  the  first  Inspection  with  a  crack.  In 
this  investigation,  the  fluidised  hot  bed  temperature  was  increased  at  various  incre¬ 
ments  to  obtain  cracking.  A  history  of  the  test  conditions  is  given  in  figure  14  for 
the  Udlmet-700  test  results.  Thermal  fatigue  lives  are  plotted  as  averages  of  tne  tnree 
test  bars  for  each  composition.  Udimet-700  was  evaluated  in  both  the  bare  and  coated 
(NiCrAlY  overlay)  conditions.  Tne  thermal  fatigue  results  shown  in  figure  14  indicate 
that  tne  best  life  (both  bare  and  coated)  was  for  the  B.t  percent  cobalt  content  alloy. 
Interestingly,  for  the  4.1  and  8.6  percent  cobalt  alloys,  the  coated  thermal  fatigue 
life  was  less  than  that  achieved  by  the  bare  Mterial.  Based  on  these  thermal  fatigue 
results,  it  appears  that  for  both  alloys  the  optimum  cobalt  content  is  about  8  percent, 
or  at  levels  substantially  lower  than  the  alloy  specifications  of  17  to  19  percent  cobalt 
for  Udimet-700. 


ENVIRONMENTAL  RESISTANCE 

Cyclic  oxidation.  The  three  nickel-base  alloys,  Naspaloy,  udimet-700,  and  MAR-M247 
were  tested  in  cyclic  oxidation  over  tne  temperature  range  760*  to  1150*  C  for  1-nour 
exposure  cycles  for  total  times  ranging  from  100  to  1000  hours  (ref.  25).  Specimens  were 
weighed  and  the  surface  X-rayed  periodically  throughout  the  duration  of  the  test.  Typi¬ 
cal  specific  weight  change  data  at  1100*  C  are  shown  in  figure  15  for  tne  reduced  cobalt 
Udimet-700  and  MAR-M247  alloys  wmen  represent  the  extremes  in  oxidation  resistance. 
Reduced  cobalt  Maspalo/  alloys  exhibited  oxidation  behavior  similar  to  the  Udimet-700 
alloys.  Based  upon  specific  weight  change  data,  removing  cobalt  from  Udimet-700  and 
Naspaloy  substantially  improves  oxidation  resistance  and  slightly  improves  oxidation 
resistance  of  MAR-M247.  To  compare  the  oxidation  resistance  of  these  alloys  over  tne 
entire  temperature  range  an  oxidation  attack  parameter  Ea  was  used.  This  was  accom¬ 
plished  by  fitting  the  weight  change  -  time  data  tot 

4w/A  -  *|/2ti/J  -  Kjt  (1) 

where  xj/2  represents  an  oxide  growth  constant  and  X2  an  oxide  spalling  constant. 
xa  is  then  defined  asi 

-  t\n  ♦  10  *2  (2) 

This  Ka  valve  has  been  snown  to  correlate  well  with  measured  thickness  changes  (ref. 

26).  Figure  16  summarises  the  oxidation  behavior  for  the  three  alloy  systems.  The 
attack  parameter  is  plotted  on  a  log  scale  versus  the  reciprocal  of  absolute  tempera¬ 
ture.  Only  the  13  percent  and  0  percent  cobalt  alloy  data  are  plotted  for  Naspaloy  and 
the  17  percent  and  0  percent  cobalt  alloy  data  are  plotted  for  Udimet-700.  Based  on 
extensive  testing  history  at  NASA  Lewis,  Ra  values  can  be  qualitatively  rated  as  shown 
in  the  figure.  'Excellent*  implies  a  low  growth  rate  with  minimal  spalling  wnile  ’cata¬ 
strophic*  implies  the  test  specimen  is  almost  totally  oxidised  and  converted  to  massive 
spall,  it  should  be  noted  that  the  higher  temperatures  represent  substantially  acceler¬ 
ated  testing  compared  to  tne  normal  use  temperature  of  these  alloys.  At  temperatures 
above  900*  C  tne  0  percent  cobalt  content  alloys  of  Naspaloy  and  udimet-700  are  clearly 
more  oxidation  resistant  than  tnelr  counterparts  with  the  nominal  13  percent  ano  x7 
percent  cobalt  alloys,  respectively.  Cobalt  content  does  not  appear  to  affect  oxidation 
resistance  of  HAR-M247  although  the  reduced  5  percent  cobalt  level  alloy  was  on  tne 
lower  side  (better  oxidation  resistance)  of  the  data  band  snown  in  figure  16. 

X-ray  diffraction  data  suggest  an  explanation  for  tne  oxidation  behavior  of  these  re¬ 
duced  cobalt  alloys.  Figure  17  schematically  summarises  this  behavior.  In  the  Naspaloy 
and  Udimet-700  alloys  with  Cr/Al  ratios  II  (on  an  atomic  basis),  C^Ch/chromite  spinels 
and  NiO  fora.  Formation  of  NiO  leads  to  excessive  spalling  and  catastrophic  failure. 

The  presence  of  cobalt  in  tne  alloy  accelerates  this  oxide  breakdown  process  for  the 
Naspaloy  and  Udimet-700  alloy  series.  In  contrast,  the  Cr/Al  ratio  is  1  for  MAR-M247 
and  A120)  and  aluainate  spinels  are  tne  cnief  oxides  formed.  These  slower  growing  oxides 
are  less  prone  to  the  formation  of  NiO  in  the  scale  wnich  leads  to  accelerated  spalling. 
In  addition,  the  cobalt  content  does  not  appear  critical  in  NAR-M247  suggesting  that 
cobalt  removal  does  not  degrade  oxidation  resistance. 

Mot  corrosion.  Both  uncoated  and  coated  specimens  of  Udimet-700  and  uncoated 
NAR-M247  were  evaluated.  Hedge  shaped  test  bars  and  the  Mach  0.5  burner  rig  are  snown 
in  figure  10.  Specimens  were  tested  for  300  cycles.  Bach  cycle  consisted  of  noidlng 
the  samples  at  MO*  C  tor  1  hoar  followed  by  3  minutes  out  of  the  flesM  during  whicn 
time  the  samples  cooled  to  near  ambient  temperature  while  in  an  air  stream.  The  burner 
rig  used  jet  A-l  fuel  and  pre-heated  (-  230*  C)  air  which  was  seeded  with  a  sodium 
chloride  solution  air  aspirated  into  the  combustor.  Sodium  level  was  maintained  at  0.5 
ppm  in  terma  of  fuel  plus  air  and  the  sulfur  content  of  the  fuel  ranged  from  0.05  to 
0.07  percent  during  the  duration  of  tha  test.  Photographa  of  the  unseated  reduced  eooalt 
Udimet-700  and  NAR-N247  are  shown  in  figures  10  and  20  (ref.  27),  respectively.  Based 
on  appearance  and  weight  change,  hot  corrosion  resistance  improves  as  cobalt  is  reduced 
in  the  elloye. 


Data  ara  currently  being  analysed  to  quantitatively  describe  tnese  results,  m 
con t rest,  en  sluminide  coating  applied  to  the  reduced  cobalt  content  Udimet-700  alloys 
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indicated  (<19.  21),  that  at  1100*  C  in  a  Mach  0.3  burner  rig,  optimum  corrosion  resist¬ 
ance  was  achieved  at  a  concentration  near  12.8  percent  cobalt  (ref.  28).  Theae  results 
along  with  the  low-cycle  theraal  fatigue  results  where  uncoated  speciaens  gave  better 
lives  then  costed  speciaens,  suggest  that  coating  coapoaition  aust  be  tailored  to  tne 
reduced  cobalt  nickel-base  superalloys. 


CONCLUSIONS 

The  COSAM  Prograa,  through  the  cooperative  research  efforts  of  NASA,  Industry,  and 
acadeaia,  is  providing  insight  into  the  roles  of  cobalt  in  today's  advanced  nickel-base 
superalloys.  It  is  apparent  that  soae  generalities  can  be  aade  as  to  the  major  effects 
of  reducing  cobalt  in  aany  of  the  alloys  lnvestigatad  in  the  COSAM  prograa  and  oy  others 
cited  herein.  For  exaaple,  tensile  properties  and  low-cycle  fatigue  resistance  are 
essentially  independent  of  cobalt  content  in  the  alloys  investigated.  Oxidation  resist¬ 
ance  and  hot  corrosion  resistance  have  been  shown  to  iaprove  with  decreasing  cobalt 
content  in  the  alloys  noraally  used  for  high-teapersture  blades  (Udlaet-700  and 
MAR-M247) .  Stress  rupture  results  gave  aixed  results  with  rupture  lives  both  increasing 

and  decreasing  as  cobalt  was  reduced  in  the  alloys.  Thase  results  could  be  related  to 

the  effects  that  reducing  cobalt  had  on  fine  y*  content,  carbide  coapoaition  and  Mor¬ 
phology,  and  to  stacking  fault  energy.  In  the  case  of  Udiaet-700,  reduced  rupture  lives 
at  cobalt  contents  of  4.3  and  0  percent  were  increased  to  values  exceeding  or  equal  to 
tne  standard  17  percent  cobalt  alloy  by  Modifying  the  heat  treatment  for  these  low  cobalt 
alloys.  Theraal  fatigue  resistance  and  Mach  0.3  burner  rig  oxidation  resistance  of 
coated  speciaena  Indicated  that  best  results  were  achieved  in  reduced  cobalt  content 
Udiaet-700  alloys  with  8.6  to  12.8  percent  cobalt. 

Based  on  the  results  obtsined  to  date,  it  la  concluded  that  a  nuaber  of  today's 
nicxel-base  superalloys  used  in  gas  turbine  engines  appear  to  contain  more  cobalt  tnan 
is  needed  to  aeet  engine  requirements.  Cutting  the  cobalt  content  in  naif  appears  to  be 

readily  feasible.  The  first  generation  of  Modified  cobalt  content  alloys  has  been  tne 

result  of  substituting  nickel  for  cobalt.  Now  that  some  insight  has  been  gained  as  to 
aicrostructural  and  aicrochealstry  changes  that  accoapany  mechanical  and  environmental 
resistant  changes  in  the  reduced  cobalt  alloys,  alloying  elements  other  than  nickel  aay 
enhance  the  properties  of  low/no  cobalt  content  nickel-base  superalloys.  Large  scale 
neats  of  the  reduced  cobalt  alloys  will  have  to  be  produced  and  evaluated  to  assure 
reproducibility  of  findings  to  date  on  laboratory  sixe  heats. 

The  results  from  tne  COSAM  Program  are  vncouctqinq  in  that  they  hold  the  potential 
of  reducing  vulnerability  of  auperalloys  to  cobalt  in  the  event  of  future  cobalt  short¬ 
ages  or  total  cutoff  of  foreign  supplies  to  the  united  States  and  other  NATO  nations. 
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SUMMARY 

'The  prteetplv  o f  add*  dlapereloo  strsogtbenhig  baa  bean  applied  to  preotose  motete,  nickel,  ferrttte  otools, 
aluantaluro  alloys  and  superalloya. 

CmwaHaial  mettmg  prooaaaaa  are  imaidtebte  ter  tea  prorluotVxi  of  ODS  alloys  and  alternative  methods  are 
required  to  Incorporate  oxides  ate.  talo  various  baas  ooaapootttoaa.  One  at  thus*  methods,  mechanical 
alloying  la  particularly  appropriate  to  large  acals  oomma  re  tall  action  and  can  readily  accommodate  reactive 
alloying  elemsnta. 

Tbs  oommerolal  produottoo,  properties  nd  appltesttena  at  ODS  aoperalloys  are  described.  The  strength 
oootiibuttoo  at  the  oxides  gives  tbs  alloy  designer  more  freedom  to  optimise  for  oxidation  md  sulphidation 
resistance  or  to  mtatmtae  lbs  use  at  strategic  metals  j  lor  example ,  lbs  alloys  desertbsd  are  all  oobaK-ffee. 
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For  more  dun  a  dsosds,  oatds  dtepsrsloo  strengthened  sspsrsUoys  have  bean  imder  tn tensive  dsvelopmeat 
to  saptett  their  pnSasHsI  ter  vanaptl ratal  oreap  reototanos  and  Stability  at  very  high  temperatures.  Ibis  programme 
has  culminated  to  lbs  oommsietal  availability  at  a  mags  of  ODS  alleys  and  produot  terms  manidaoturnd  by  a  toofao- 
teally  aspblattnaSad  masbantoal  altoyteg  pan  pass. 

The  devslopmant  brvat  ehtob  lad  to  these  alloys  arous  from  the  aooepted  limitations  of  conventional  nlokel 
base  aspnralteya  at  tomparaturaa  at  ISSOC  and  hlghtr.  At  auob  alevnlsd  temperatures,  the  usual  gmuma  prime 
sfrtn^baateg  pbana  pas  amt  to  stake  1  base  ai^eraltoys  loosa  its  effectiveness  as  a  barrier  to  rttotoonHim  movement. 

■  warn  rsaHoarl  teal  If  a  mote  stable  epeolee  of  pnrttols  could  be  taco rpo rated  brio  tbs  alloy  matrix,  than  an  entirely 
now  oteoo  of  euperaltey  mould  be  poaatoto,  retateteg  otpriftoant  strength  even  M  to  the  aoUdaa.  Buob  m  Ideal 
peittote  spec  lea  wea  Identified  itertag  tbs  dsvslopmant  sorb  ns  yttrtixn  oxide ,  a  readily  available  oompouad  having 
many  tbnea  tea  afahHHy  of  gamma  prims  (Tafate  1. }. 

Tbs  msobantenl  altoyteg  preoaaa  baa  bean  dsvetopsd  an  an  sooaptebly  eosnomtoal  ad  oom  ms  re  tally  laastele 
method  of  teoorporatteg  a  refractory  oxida  tote  a  superalloy  matrix.  Marely  mixlxg  the  aside  srttt  xtetalUc  powders 
does  sot  achieve  a  a  rifle  toot  ly  fteely  dts  parsed  structure.  Melting  as  nt  altoyteg  method  omnot  be  attempted,  as 
tea  o atta  terms  an  Immteotete  slag  above  tea  Uqril  etetaL  Otesr  poaefole  tecbntqs—  uateg  sbamloal  raaotScna  are 
ntsasnomlc  oa  a  oomme  ratal  aosla  and  naan  at  be  seed  to  iBoy  tea  asual  rsaotivs  alamante  such  an  atom  la  tarn  and 


Macbantcal  altoyteg  ban  bean  proves  aommerotally  tor  many  years  and  ODg  alloys  are  sow  oomtog  teto  vrlde- 
sptead  see  tor  ultra-MM  temperature  sppHoattona  oristda  tea  gas  tout  tea  field  where  their  appHaatton  am  orlgtoatly 
pioneered.  However,  tee  largest  proportion  of  ODS  n^eraltoyo  output  Is  atm  sold  to  lbs  gas  turbine  todsstry. 

Table  t  Hals  tea  obsmloal  smapoatttons  of  tea  terss  OCR  alloy*  ourrsntly  to  oommsietal  produstton. 

alloys  ^Dt-Stel HTtbltird- •»  0-1. 1% ^nsdW-PPfl  (AM.V%Mf-l* Cn-SJMIO-l. lf^T^neM^ill^kav* 
an  saoaUanl  hslnma  of  tonsils  strsntph.  tattgse  resist  men,  tooMneoe  and  ssrtoston  lestotonos.  W-S061  to  a  solid 
ootottan  typo  oHoy  bnstog  teo  rina^b  of  W  oortos  obmterism  alloys  tori  teo  good  ooneston  raototmai  of  tea  >000 
lyp*.  toriM  to  at  fctrtenriili  MM  strsngte  alloy  bnstog  improved  fstlgua  and  sorrasloa  reatotenos  over  tbs 
7000  asrtee  allay*. 
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MECHAIOCALLY  ALLOYED  POWDER  PRODUCTION 

The  development  of  tee  meohnloel  alloytep  proo»M  baa  baas  ntbnd  la  several  pnrioue  papara  by  Wabar  mui 
Benjunta  at  aL  (M).  AcMtttnaal  tedapaodnt  laboratory  work  oa  rotated  prooeseee  baa  alao  baae  ra ported  from 
time  to  time  to  tea  literatim  (#-*),  tod  teenton  tea  deoertpttoa  to  tee  praaaat  paper  la  United  to  tea  oonima ratal 
producttoa  of  alloyed  powder  ter  tea  mmidnctun  of  auparaUoya. 

Typical  raw  materlale  an  llated  to  Table  S.  I U  mental  metal  poedan,  crushed  m eater  alloya  tod  pre- 
altoyed  powder*  an  all  a  id  table  for  uae  aa  feedstook. 

apoolal  aaalytioaJ  toohntqneo  ban  baaa  developed  to  eoaara  that  the  high  parity  yttrta  powder  Uaa  wtthta  a 
a  arrow  raapa  of  oryetallRa  a  Uaa  suitable  tor  uaa  aa  a  dteparoold  itreegthanar.  Previously  reported  work  (ft)  baa 
a  bows  teat  optimum  alloy  strength  la  achieved  wtte  oryatalllto  a  Uaa  laaa  tea  MO  A. 

Yttrta  aad  motel  powder*  an  b  leaded  to  pi  tear  to  term  a  bate  faadatook  tor  tea  aaeehaatoal  alloytep  mtta.  The 
obamloal  oompoalttea  of  tela  '‘pao-tilaaif  ta  n rifled  baton  allocation. 

Ifaobaatoal  aUaytoj  la  oarrted  od  la  ptodaottaa  tola  of  ft*  kg  aad  1000  bp  powder  oapaotty.  The  larprr  mite, 
(Ftpun  1)  an  batep  totrodooed  to  abapllfy  quality  ooateol  aa  oommarolal  powder  produottoa  lavala  bow  eaoaad  loot/ 
year. 

Ftpun  f  ahowa  tea  powder  raw  material  bleed  be  tap  traaafemd  from  a  ate  to  laaa  eteot  container  to  one  of  the 
toon  kp  mite.  Bote  aUea  of  tott  operate  oa  tea  Idaattoal  prtaolpla  of  a  water-oootod  hi#  kteatto  aaarpy  baU  mill 
to  wtdoh  tea  raw  material  powdara  an  milled  topatear  by  ternam  bardaaad  ateal  balla.  Contain  button  from  oontact 
between  tea  powder  nbarpa  and  tea  tototaal  parte  of  tea  mill  ta  pn  mated  by  a  stable  proto oMn  ooottop  of  tea  super- 
alloy  whloh  upoianiilatoa  aa  tea  ateal  balls  aad  other  aurfaoaa .  Flpan  S. 
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A  npotttlm  aaqueooa  of  porttola  weldtap  and  fraoturtap  ooeun  to  tee  min  at  a  rate  date rm toad  by  tea  prooaaa 
kinetic  eaorgy ,  temps nfnn  aad  atmoopban,  Flpuno  4,  5,  ft.  Dartep  tea  ooamo  of  mllltop,  to  eqtdUbrlum  particle 
else  dtetrttodtoa  te  eetabllehed  and  eaob  todlridual  parttola  aequlne  tee  alloytep  ooaatttueata lathe  oorrwat  proportion*. 
Further  mllltop  oenttouotoly  mfteto  tea  powder  otraefarei  tod  tea  prooeto  te  neaaldeiad  eomplet*  when  tea  composite 
pertlolee  bam  e  fteely  layered  edb-opttoal  etraotun,  Flpan  T.  At  tela  atom  tea  twnp»  epaotop  of  yttrta  dlapaiaoldo 
at  tea  layer  totarfeoee  la  similar  to  tea  amraR  layer  telabaaaa.  taaulltep  to  to  Ideal  ratodaaa  dletrtbaftto  of  the  oodde 
wtte  to  taterpertlcie  opaotop  of  teas  than  0.  S  micron.  No  farther  mllltop  te  aeoeoeary  once  tela  oeodtttoa  baa  baaa 
altatead. 

The  meobantnelly  alloyed  pa  enter  la  drained  from  too  mill  tata  further  otateUoe  eteel  ooatatoere  opoetally 
tooarmd  tor  paaaoaaod  powder.  Flpan  ft.  The  powdara  from  eaob  prodaetlaa  rm  an  aland  oa  dedicated  aqolpmoat, 
Flpan  ft,  aad  evahtoted  by  aomral  taabatqato  taotadtap  stem  aaatysls,  abemloal  analysis  aad  pawdar  metalkipraph). 
parte  of  several  prwitaotlaa  tma  may  be  Weeded  topatear  ta  a  atatalato  sisal  anatatear  daihaadad  to  ana  parttonlar 
alloy,  ripum  1*.  Ibta  btead  te  teas  oab|aoted  to  o  toll  iteamloal  aaalyote.  oqaf  valent  to  a  ooot  aaalyalo  la  ooavtotloaal 
alloy  prodaottoa.  At  all  stapes  scrupulous  oleaaUaeas  of  tea  eariranmant  aad  baadltap  equipment  to  ohoormd  to  pnvaot 
oaatamhuttm  of  too  powder. 

TH  ERMOMEC  HAIOC  AL  PROCEflHNQ 

Urn  otto  of  tee  teMtaomoiteantaal  pawoaaatep  te  twofold.  to  addtttoa  to  prodaatep  tea  raqulnd  produot  term 
eaob  aa  oboot.  plate,  bar,  ftto.  eto. .  W  la  aooooaary  te  apbhatao  tee  otend  eaorpy  oaattot  at  tea  paadaot.  I  this 
la  dona  oormotty  wMhte  aartaw  Umlto,  tt  la  poaatela  to  damlop  a  ooaroe  aalaotrapto  prate  atrwotun  dartep  aeons dsry 
reoryotallteadtoa  bead  traafmtot  wteeb  prnatly  eabaaoee  Pm  e  la  rated  tamps  rafaia  raanbaaloal  props  riles.  Phutlee 
bam  ebewa  teat  tee  eeoawdary  naryaNniaatlna  nspaaae  Is  depeadmt  upon  tee  satin  prnnaeetop  hi  story  tonludlap 
tea  aioolitoteol  allaytop  stem  fan  powder  anaanlldatloa  rariatilaa. 

Etteor  hot  oteamtea  or  bat  teoatette  prwootep  may  bo  aaad  te  onn^not  tea  maobanloolly  alloyed  powder  bad 
aUboaqwaat  bat  eiiiktop  aporattaao  meat  bo  aaodtflod  to  Mapaate  ter  tea  dtBonat  lamia  of  worktop  tovolvad  wtte 

tmparta  a  aoefkl  prapoatlm of  dtawottaaal  waahlap aoooaaary  tor  aalaotropla  aoooadary  riaryotelWaatlm, 


1 


ulna  tun  la  carried  out  in  aomaaretal  5000  aid  6000  loans  presses  at  temperntarwa,  ratloa  and  apaada  which 
an  tatsrdepandent  ntUMaa  ad  which  mat  be  data  raised  In  ooajiaxrtlon  with  the  sibeequrot  remaking  hot  working 
par—kara.  A  further  oompUeattaa  la  Out  the  eharaetarlattea  of  Individual  extrata  praaaaa  ham  to  ba  oanatdarad 
aa  part  at  the  total  the rmnmeoha leal  worktog  equation.  B  la  not  poaalbla,  for  example ,  to  ecale-up  exactly  the 
required  variables  from  axpartssaetal  work  with  email  laboratory  praaaaa,  or  even  from  experience  with  other  large 
commercial  tmtta.  Fertaataty,  oooa  the  operating  paramatara  are  established,  the  reeutta  are  reproducible  wtthoot 


h  the  ae -extruded  ooadttlan ,  008  alloys  hate  a  vary  fhw  equtaaed  stfa-mlcron  grata  structure  suitable  for 
further  hot  tmrktag  operations.  Hoewtwr,  some  bar  products  are  daUbarataty  extruded  tmdsr  oondlttana  designed 
to  glue  a  hi#  thermomeohanloal  work  content  which  la  aidflolant  to  permit  secondary  racrytalUnnUan  to  a  ooarae 
elongated  grata  etructure  without  the  need  for  further  hot  emitting  operations.  For  example,  the  turbine  blade  alloy 
INCONEL  alloy  HA  8000  has  been  made  experimentally  by  this  method  (10)  and  the  Iron  base  arldehon  reetotaot 
alley.  INCOLOT  alloy  MA  966,  can  he  mode  commercially  ta  bar  form  by  o  similar  route.  Figure  11. 

ta  the  majority  at  production  routes ,  the  extruded  bar  ta  a  tats  ran  diets  stage  which  ta  aonnally  fallowed  by 
hot  rolltag.  This  la  a  highly  controlled  ope  rattan  which  la  Ideal  for  opttmlatog  the  stored  energy  oonlant  nod  can 
be  mod  ta  a  aophlattneteit  way  to  ooatrol  texture.  For  exaspk,  the  tarhtaa  mu  alloy,  INCONEL  alloy  MA  TM,  ta 
the  form  at  flat  bar  possesses  exceptional  thermal  fattgm  resistance  which  la  darluad  from  Ha  (100)  texture  taduoad 
dwrtag  taenmwnsnhaatoal  working. 


Another  useful  eppHoatioo  at  hot  rolltag  oocurs  ta  the  proituoflao  at  INCOLOY  alloy  MA  680  sheet,  isotropic 
menhonlnal  props rtiee  nd  ooaroe  "pancake"  shaped  gratae  are  consistently  produced  ta  this  product  by  a  carefully 
controlled  programme  of  hot  eroao-roUtag  of  the  extruded  bar  stock.  Different  eroas-iolltag  schedules  bare  been 
design d  Id  achieve  the  beat  properties  ta  sheet  of  eartoua  standard  Ihlolm eases. 


Nsmoeal  at  the  mlM  steel  from  the  extrusion  etna  to  carried  out  either  by  moohtatag  or  by  plofcltng,  dapandtag 
aa  the  alloy  and  the  product  farm.  The  taller  factors  determtaa  fas  stage  at  wklek  the  oxn  La  removed,  sfaoe  the  can 
may  he  beoeflclxl  k  preventtag  excessive  surface  ooottag  durtag  hot  rolling  an  alloy  such  ao  INCONEL  alloy  MA  8000 
etatoh  la  thermally  sensitive  ta  the  ftae  grata  condition. 


Following  hot  rolltag,  moat  products  are  toady  far  secondary  racryatolltaattan  he  at -treatment.  Goa  ohrtooa 
exception  Is  INCOLOY  alley  MA  900  tatandail  far  oo Id  draon  wire .  oold  rolled  sheet  nd  even  foiL  Other  axoepttons 
are  fergtag  stock  ad  prodaata  tor  hot  fabrication,  ohiah  gma rally  raapond  more  readily  to  deformation  ta  tho  ultra 
ftao  grata  oundtttan.  Ao  wMh  hot  rolled  prodooto.  tho  fatal  major  operetta  la  fa a  eooendary  iworyotolWoattan  hoat- 
tfeatnat 


SECONDARY  RECRY8TALLMATKW  IN  OD8  ALLOYS 


The  moot  striking  fanfare  oomma  to  OD8  stgeralloys  Is  their  remarkable  eagaatty  far  eemmdary  grata  growth 
wha  mnialii  at  wry  Id#  temperatures  faUowtag  opttwlued  lharmnmanhalnal  worhtag.  8tadla  a  bar  ham  shows 
that  Oka  elevated  temperature  manhmlnal  props  rtiee  are  proportional  to  tha  grata  oopoot  ratio  up  fa  about  til ,  atom 
which  they  are  relatively  tadepsndoat  (B).  ta  proatlw ,  s  mtatmmn  grata  aapeot  ratio  at  Id  la  normally  considered 


INCOLOY  alloy  MA  188  ad  INCONEL  alloy  MA  TM 

Sofa  them  alloys  respond  readily  fa  a  at otto  enseal  at  temperstoree  ta  Ota  rungs  1*00°C  fa  1J00°C.  Wha  elohsd 
INCOLOY  allay  MA  tS6  extruded  ad  nmialad  bar  resembles  dtraottanslly  soUdtflsd  tarhtaa  hinds  alloys  ta  agpaaraae 
Figaro  11 .  wtth  stagla  gratae  extra dtag  far  laagtha  at  half  a  metre  at  more  and  about  a  oaattmetra  ta  aroa  section. 
INCOLOY  alloy  MA  066  aid  rolled  sheet  ha  a  structure  composed  at  a  fa*  large  "pan eke"  gratae  tkrou#  the  section 
thlntaias,  erMhSta  "paeahaa"  ta  fas  ptasotfa  ahaaL  This  atruetaro  haagaa  fas  tharmawieohmloal  history  at  tha 
material. 


til.  Figaro  1*.  ant 
la  beMsmd  la  ba  a 


a  INCONEL  alloy  MA  TM  bar  ha  a  rather  ftaar  stn 
ela voted  temps rrture  strength  Is  atgitfleatly  hl#sr 
N  af  flta  dtfhrest  relationship  between  fas  dtnpnratd 


i  far  INCOLOY  alloy  MA  688.  This 
ifafarmatla  menhalawa  ta  too  ad 


I  yttrla  far 


,  intramilyl 
at  a  mavtag  hat  a 


a  elevated  tamperatate  ere  eg  reslataae  (11). 
ha  not  ban  saanaMly  ashtemd  by  stake  anuttag 
I88r C  jwah  anaaltag  al  ht#er  tamgsratara. 

rCf'aaa.'ta^*  £'«S!l?MiHb ad 

Stark  Flgaa  It. 


T 
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to  order  to  mrautaoture  INCONEL  alloy  MA  MOO  to  commercially  acceptable  lengths  at  mtform  >t motor* ,  a 
aovtag  mm  technique  amt  be  ueed  whlob  U  to  Integral  part  at  the  entire  otoaely  controlled  the naomeohi leal  process - 
to(  eequeaoe.  111a  to  aeoeaaary  to  optimise  the  final  grate  etmctorea  tod  maxim  toe  the  reauttteg  elevated  temperature 
meobtoUoal  propertiee. 

He  fteal  mater  etop  to  the  mtoteaoture  at  INCONEL  alloy  MA  0000  bar  to  aolutioa  treatment  tod  ageing  to  develop 
correctly  the  gamma  prime  structure  for  kite  mediate  temperature  strength.  Thla  beat-treatment  to  aa  follows  i- 

0.8  b/)tS0°C/AC  ♦  S  h/86S°C/AC  ♦  Mh/B48°C/AC 
PRODUCTION  ZONE  ANNEALING 

The  Important  parameters  for  acne  Healing  are  maximum  acne  temperature,  temperature  gradient  aed  linearity . 
bar  aeottoa  a  tee .  travel  epeed  at  the  bar  relative  to  the  tone  and  the  haattag  oharaotertettoa  of  the  power  unit.  Eaper- 
lanoe  vrtth  a  email  realatance  heated  tone  neater  Indicated  that  steeper  langttadtaal  temperature  gradfenta  and  faster 
produotten  rales,  to  particular ,  would  be  highly  desirable  objectives,  best  achieved  by  using  direct  low  frequency 
toduotlaa  heating.  A  production  tone  tone  ale  r  was  the  re  lore  designed  and  built  uetng  this  eapertaooe  for  the  commer¬ 
cial  sane  annealing  of  INCONEL  alloy  MA  <000.  figure  14  shows  the  fined  Induction  haattag  ooll  an  this  production 
writ.  Automatic  temperature  control  to  by  optical  pyrometer  ate  the  bar  epeed  la  stabilised  electronically. 

The  maximum  temperature  of  the  hot  iom  forma  pert  at  the  total  the rmomeohantoal  working  equation  and  must 
be  selected  from  the  limited  temperature  range  In  which  secondary  reerystalUsatton  to  poeelbte  to  INCONEL  alloy 
MA  MOO.  This  range  to  bopded  by  the  solidus  at  the  upper  and  (ltM°C)  tod  a  temperature  a  lightly  above  the  gamma 
prime  eolvue  (11  SO  C  -  11M  Cl  at  the  lower  end. 

The  longttudtaal  temperature  gradient  baa  to  be  ohnam  In  relation  to  bar  speed  tod  Induction  frequency  ta 
order  to  achieve  through  bearing  at  the  bar  wed  to  avoid  aaoaaalva  thermal  stresses  during  heating  up  to  the  tom 
maximum  temperature.  The  relationship  between  the  Important  parameter  at  bar  spaad  tod  stress -rupture  prop¬ 
erties  baa  been  to  vaati gated  hi  eooe  detail  aa  shown  In  Figure  18. 

At  eery  low  speeds,  a  proportion  at  the  stored  energy  to  the  bur  Is  amieoled  out  before  directional  recryata Il¬ 
ls  stion  can  oocur.  toot  this  la  eq  id  select  to  to  toder-woihed  oondUtan,  tafortor  stress-rupture  properties  are 
obtataed.  Whan  very  high  apeada  arc  used  it  ta  difficult  to  matatata  a  planar  temperature  profile  throng  the  bar 
section  tod  shorter,  oerved  grates  result  from  growth  away  from  tea  bar  oratreltae  hi  tha  direction  of  steepest 
temperature  gradient.  Hie  structure  agate  adversely  affects  the  stress-rupture  propertiee.  Finally,  at  very 
high  speeds,  the  oentie  of  the  bar  may  ant  onto  reach  the  lowest  temperature  possible  for  secondary  reoryatall- 
toattaa  and  tee  mechanical  propertiee  fall  to  very  tow  values. 

I  has  base  totod  teat  tea  heat  msehtoleal  properties  are  associated  vrtth  a  characteristic  "quadrant"  etraoture 
which  ta  seen  ta  etched  transverse  bar  aeottena.  Thla  Is  tUustrated  to  figure  It  rad  la  believed  to  represent  four 
tanaitleo  at  grates,  wtte  almost  tdrattonl  ortan tattoos  wtthte  each  groigtog,  It  la  suspected  (hat  slight,  symmetrical 
temperature  gradients,  superimposed  on  tea  prtooipsl  overall  linear  gradient,  are  reports  lble  for  tease  to  usual  grata 
orient atloa  pattoias. 


Attempts  bam  been  made  to  produoe  INCONEL  alloy  MA  MOO  aa  stogie  crystal  bar.  guofa  a  materiel  could  be 
more  attractive  aa  e  turbine  blade  material  than  either  existing  stogie  crystal  alloys  or  ODE  multiorystal  mate  rials. 
One  of  the  mate  difficulties  to  be  overcome  la  tea  favoured  kagltudteal  grate  growth  mode  thiol  Inhibits  tee  amount 
by  which  lateral  epteedtog  of  a  ee looted  oryatal  orient etion  era  ooour  In  a  necessarily  solid  state  process. 

FABRICATION  or  COMPONENT*  for  gab  turbines 

INCOLOT  alloy  MA  8M  onM  railed,  mauled  sheet  Is  readily  fabricated  tote  eoeaplea  pompon  acts.  However, 
as  a  ferritic  steal ,  It  has  reduced  (toottltty  below  Ha  tranaittaa  temperature  and  tea  ao ratal  precatafcms  tor  tela  oteas 
of  auto  rial  ham  to  be  observed  durteg  (abrtoattoa.  Has  simple  sheet  tsbrioettans  are  weslble  at  room  temperature 
i  ope  rattens  are  beat  carried  ete  by  slifly  warm  teg  tee  material  to  HOC  (14). 


ar  predate  forma  at  INCOLOT  alter  MA  IM  are 
era  he  readily  rolled  to  BfCOLOT  alloy  MA  MS  tod  are 
i  IT.  aha  we  tea  sties  which  have  hew 


ta  the  ftoe  grate 
rad  for  bo 


Ha,  rings 


Bath  BfCOLOT  allay  MA  IM  tod  INCONEL  alloy  M A  TS4  o«  be  hot  opto  ta  the  ttaa  grate  condition  to  mahs  a 
nagi  at  astoponatos  bovteg  e  treater  symmetry  sash  an  a  onto  rater  domes  rad  swtrisr  piatee.  Ftgare  18.  demon  - 
teratei  •  setoff  of  ftertatead  rad  forged  ismpoeiati  to  bote  alteyn. 

BfCOLOT  allay  MA  Md  may  bo  netted  octet  a  aei 

r  It  era  tele.  Eteetem  beam'todfaraaMa 


Fa-Cr-Al-T  fUlar  wire  tor 

'  toatgud  to  spa  rate  radar  teas  aemre  iraiBtlrai  than  tor 
4  teoar  aaMa  bam  baas  ahaan  to  ham  aeaful  hf  temperature  grape 
BfCOLOT  altoy  MA  IM  date  rad  has  the  been  ateatefm  te  aamral  oaf 
thrater  mads  by  teiittteg  i  If  r  of  BfCOLOT  altoy 

I  bane  alter  (ML 


<*•>. 


Id  common  with  moat  high  temperature  euperalloys,  INCOW FL  alloy  M A  TS4  cannot  be  welded  eaatly  bat  It 
doei  respond  rery  well  to  standard  high  temperature  vaouum  bras  lag  operations  (IS  y.  TV  most  common  present 
commercial  application  Is  a  braced  assembly  of  ranes  and  band  segments,.  Figure  SO. 

Ubttl  forging  teohnlquea  hare  been  developed .  tbs  Immediate  applioattona  for  INCONEL  alloy  HA  0000  are  for 
first  (tap  turbine  blades  machined  from  solid  bar.  Tbs  alloy  Is  no  more  dtffloult  to  maobtos  than  establlsbsd 
blade  alloys  such  aa  IN  TM  and  91  791,  and  responds  well  to  all  the  usual  metal  removing  teeltolquse. 

Tbs  ctu^-acte  rtstios  of  INCONEL  alloy  HA  9000  make  it  Ideal  for  Increasing  lbs  ntbl  temperature  of  turbtoe 
blades  by  100  C  or  more  In  anginas  where  tbs  stresses  are  median  or  low.  Ibis  la  bsonuss  foe  Intermediate 
temperature  strength  of  the  alloy  Is  limited  at  the  root  and  of  the  aerofoil  section  by  the  moult  of  gamma  prime 
strengthening  available.  Studies  bare  shown,  however,  that  modification  ef  blade  mans  and  temperature  distrib¬ 
ution  to  fit  the  uiique  strength/temperature  characteristics  of  foe  alloy  on  mtolmles  this  aspect  (IT).  Figure  21 
demonstrates  a  deelgi  study  for  a  machined  solid  Bret  a  tape  blade  to  INCONEL  alloy  M  A  6000. 

CONCLUSONS 

Oxide  Dispersion  Strengthened  alloys  form  a  imtque  group  with  the  properties  of  high  strength  rod  stability 
beyond  those  achievable  with  oanreattanal  materials.  The  oomme ratal  development  of  meohanloal  alloying  as  a 
prooess  for  producing  OD8  alloys  on  a  large  scale  has  allowed  their  apaclal  properties  to  he  ml  Used  In  a  large 
nmnber  of  severe  appUcetlona ,  especially  to  advanced  aero  engtoeertag,  hot  now  Increasingly  to  Industrial  high 
temperature  environments  such  aa  fossil  fuel  burning,  nuclear  power  pone  rattan ,  chemical  pint  rod  glass  making. 
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(Porgbg  ad  fabric attao  of  ODS  alloys). 

Hiattagton  AUoyr  toe. ,  Hmttngtee ,  West  Vtrglnls,  IMA 
(Production  of  ODS  Alloys). 

tooo  Alloy  Products  Compsny  Rssesroh  Center.  Sterling  Forest,  hffen,  New  York,  USA 
(Development  of  ODS  Alloys). 
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Vanderbilt  University  Kaahvllle,  TN  37235 
Past  Technical  Director,  Presently  Consultant 
American  Society  for  Metals 
Metals  Park,  Ohio  44073 

Suaaary 

Chroalua  la  a  highly  strategic  and  critical  natal  because  of  Its  signifi¬ 
cant  Inport  dependence  and  Its  essential  uses  for  defense,  energy  and 
Industrial  products.  It  Is  used  In  such  diversified  applications  as  stain¬ 
less  steels  and  tool  steels;  alloy  steels  to  provide  hardenablllty  In  heat 
treataent.  In  air  fraaes,  and  In  landing  gear;  heat  and  corrosion  resistant 
alloys;  superalloys  for  Jet  engines;  alloy  cast  Iron;  electroplating;  and 
corrosion  treataent  for  alualnua  alloys.  This  paper  presents  lnforaatlon 
on  application  areas  where  substitution  and  conservation  appear  feasible 
In  a  supply  crlels  based  on  present  ivailable  technology.  Likewise,  appli¬ 
cations  where  research  la  needed  to  expand  the  substitution  potential  will 
be  Indicated.  Opportunities  for  conservation  and  displaceaent  with  eaerglng 
technologies  will  be  discussed.  PI  tally,  the  value  of  an  organised  effort 
on  "substitution  preparedness^  to  ,ather  and  develop  lnforaatlon  on  chroalua 
substitution  and  conservation  technology  and  have  It  ready  as  a  contingency 
plan  will  be  presented* 

Chroalua  aust  be  rated!  at  the  top  of  the  priority  list  of  critical  and  strategic 
aetals  because  of  Its  significant  laport  dependence  and  Its  unique  iaportanoe  to  defense, 
the  aerospace  Industry,  and  sndern  industrial  technologies.  Its  versatility  as  an  alloy¬ 
ing  eleaent  is  exeapllfled  by  Its  uses  In  aany  engineering  aaterlala  Including  stainless 
steels,  tool  steels,  alloy  steels  for  hardenablllty  In  heat  treataent,  structural  steels, 
heat  and  corrosion  resistant  alloys,  superalloye,  alloy  cast  Iron  and  plated  aetal. 

At  the  outset  we  should  note  that,  a  significant  factor  contributing  to  the  strate¬ 
gic  Iaportanoe  of  chroalua  Is  that  aany  of  Its  applications  In  essential  alloy  aaterlala, 
particularly  those  used  by  the  aerospace  Industry,  are  Irreplaceable  at  present  technology 
levels. 


Because  of  Its  availability,  effectiveness,  and  low  cost,  research  In  chroalua  al¬ 
ternatives  has  not  been  pursued  as  throughly  as  for  other  alloying  eleaents.  However  a 
number  of  substitutes  and  technological  options  exist  and  lapleaentatlon  of  these  alterna¬ 
tives  In  a  crisis  would  extend  supply  lor  the  specific  heat  and  corrosion  resistant  appli¬ 
cations  for  which  there  are  currently  no  viable  substitutes  for  chroalua. 

In  this  presentation  we  will  consider  alternatives  to  chroalua  as  an  alloying 
eleaent,  both  available  technologies  and  opportunities  for  new  technologies.  Major  points 
of  eaphasls  are  that  technology  for  substitution,  conservation  and  Innovative  displaceaent 
aaterlals  are  aaong  the  aost  viable  options  for  reducing  vulnerability  to  a  out  off  of 
chroalua  and  that  now  Is  the  tlae  to  develop  these  technologies  rather  than  after  a 
crisis  la  upon  us. 

The  Issue  of  concern  Is  vulnerability  to  disrupted  supply  and  this  suggests  prepar¬ 
edness  to  adapt  to  a  supply  curtailaent  without  serious  consequences  to  national  seourlty. 
Industry  and  coaaeroe.  It  Is  prudent  to  have  technology  for  alternatives  tested,  on  the 
shelf,  and  an  Information  systea  on  their  use  ready  for  emergency  preparedness.  However, 
it  should  be  recognised  that  the  ohroaluafree  alternatives  say  not  be  economically 
viable  at  thin  ties  beoause  of  the  low  oost  of  chroalua. 

Chroalua  in  Superalloys 

,  Chroalua  la  essential  for  elevated  temperature  oxidation  and  hot  corrosion  resist¬ 
ance  of  auperalloys  for  alroraft  Jet  engines.  The  ohroalua  content  of  typloal  superalloys 
le  given  in  Table  1.  However,  Frof.  John  K.  Tien  and  his  associates  at  Columbia  Univer¬ 
sity  have  pointed  out  that  the  high  ohroalua  content  required  for  surface  protection  Is 
not  needed  for  the  aeohanioal  properties  of  auperalloys  and  Is  often  considered  more 
deterlaental  than  beneficial  for  these  properties. 

The  possibility  that  over  90  peroent  of  the  ohroalua  say  not  be  needed  opens  the 
potential  for  conservation  If  aethods  oan  be  developed  to  provide  the  surface  requirements 
of  chroalua  while  eliminating  the  bulk  of  It  froa  the  alloys. 

,  Surface  alloying  with  ohroalua  utilising  ton  implantation  with  controlled  laser 
annealing  of  tho  isplanted  layer  shows  proalse  for  conservation  of  ohroalua.  With  this 
aethod  a  high  oonosntratlon  layer  of  ohroalua  near  the  surface  oan  be  built  with  a  alniaua 
nuaber  of  implantation  oyoles. 


Chromium  3teel  for  <«ro»i*c«  Applications 

Other  requirements  for  chroaiua  consist  of  alloy  steels  and  stainless  steels  for 
general  aerospace  applications  as  shown  In  Figure  1.  The  applications  range  froa  ultra 
high  strength  steels  used  In  landing  gsar  parts  and  structural  fittings  to  stainless 
steels  for  tubing  and  ducting. 

Hot  to  be  overlooked  Is  chroaiua  used  In  steels  for  forging  dies  and  fabrication 
tooling.  Bstlaated  requtreaent  for  forging  dies  for  a  large  transport  aade  by  one 
aircraft  producer  is  14  alllion  pounds  containing  froa  1  to  5  percent  chroaiua. 

Chroaiua  containing  ultra  high  strength  steels,  shown  In  the  compilation  below 
from  Republic  Steel  Corp. ,  are  employed  In  forging  applications  for  load  bearing  applica¬ 
tions  in  engine  aounts,  tall  section  forgings,  wing  aounts,  and  landing  gears.  On  a 
weight  basis  the  largest  use  Is  landing  gear. 


Aircraft  Landing  Osar  3teels 
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A  workshop  on  chroaiua  substitution  held  recently  at  Vanderbilt  University  brought 
out  the  fact  that  there  is  not  any  alloy  research  in  progress  which  has  as  Its  goal  the 
development  of  a  chroaiua  free  steel  for  ultra  high  strength  aircraft  landing  gear  appli¬ 
cations.  As  both  allltary  and  coaaerclal  aircraft  utilise  the  saae  alloys  for  landing 
gears  this  Is  an  appropriate  and  vital  area  for  alloy  substitution  research.  This  Is  In 
contrast  with  research  work,  that  will  be  discussed  subsequently,  which  has  resulted  In 
development  of  substitute  chroalua-free  heat  treatable  steels  and  the  establishment  of  a 
high  technology  base  for  chroalua-free  structural  alloy  steels. 

The  potential  exists  for  displacement  of  high  strength  steels  In  new  projects  by 
tltanlua,  and  coapoalte  materials  and  by  auoh  alternate  design  approaches  as  illustrated 
by  the  hydraulic  cylinder  shown  In  Figure  2. 

Substitution  and  Conservation  options  for  Chromium 
In  Stainless  Steels  for  Corrosion  and  Oxidation" Resistance . 

There  is  a  favorable  trend  toward  substitution  of  precipitation  hardening  stainless 
steels  with  lower  aaounta  of  chromium  In  airfraae  applications.  In  soae  applications 
precipitation  hardening  bar,  forging,  and  casting  alloys  of  17-4PH  with  17  percent  chroaiua 
are  being  replaced  with  15-5PH  containing  15  percent  chromium  and  with  PH  1 3-8Ho  with  15 
percent  chromium.  The  vacuum  aelted  PH  <5-6Ho  has  improved  mechanical  properties  without 
a  compromise  In  corrosion  and  toughness  characteristics. 

Another  trend  affecting  the  use  of  chroaiua  by  aerospace  Is  use  of  a  higher  chromium 
containing  21-6-9  alloy  In  place  of  AI3I  Type  32'  stainless  steel  for  hydraulic  tubing. 

This  Is  attributed  to  the  superior  cold  worked  aechanleal  properties  of  the  21  percent 
chroaiua  alloy  which  results  In  significant  weight  savings  over  the  18  percent  chroaiua 
321  stainless  alloy. 

Titanium  Is  an  alternate  aaterlal  for  hydraulic  lines  but  Its  substantially  higher 
cost,  aore  dlffloult  fabrication  requirements  and  sensitivity  to  phosphate  ester  hydraulic 
fluids  have  Halted  Its  use.  However  It  say  be  regarded  as  a  viable  alternative  In  the 
event  of  a  chroaiua  crisis. 

Development  of  substitution  and  conservation  options  are  evident  In  diverse  en¬ 
gineering  applications  for  stainless  steels  whloh  can  relieve  soae  of  the  pressure  on 
irreplaoeable  aerospace  uses  for  chroaiua.  Thsre  is  Increasing  acceptance  that  although 
austenitic  stainless  steels  contain  18  peroent  or  aore  chroaiua  for  oorroalon  raslstanoe, 
passivity  la  aohleved  with  12  percent  and  for  aany  applications  this  amount  will  provide 
adequate  corrosion  resistance.  Chemical  Industry  applications  map  be  exceptions. 

The  function  of  ohromlua  as  an  austenite  stabiliser  in  stainless  steels  oan  be 
fulfilled  by  nlakel  or  manganese  so  that  in  an  emergsnoy  the  chroaiua  oontent  of  replace¬ 
ment  steels  could  be  reduced  to  12  peroent.  Austenitic  steels  with  14  peroent  ohromlua, 
ooapared  with  the  traditional  18  peroent  chromium,  have  oxidation  raslstanoe  and  adequate 
strength  for  1400*  F  servloe. 

A  9Cr-1No  steel  modified  with  small  additions  of  niobium  and  vanadium  shows  promise 
as  a  replacement  for  18  peroent  ohromlua  steel  In  stsam  power  plant  heat  exchangers,  lew 
higher  strength  duplex  stainless  stesls  oan  lower  total  chromium  demand  bjr  utilising  50 
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percent  reduced  croaa  aectlon  although  chromium  content  of  these  steels  Is  higher. 

Research  on  an  Pe-8A1- 'Mo  alloy  has  demonstrated  that  a  chroalua-f ree  Iron  base  alloy  can 
achieve  high  temperature  oxidation  resistance  in  air  superior  to  that  of  A 1 3 1  Type  304 
stainless  steel.  Development  of  other  new  alloys  without  chroalua  is  also  underway: 
Iron-Manganese-Alumlnum  Alloys  are  being  developed  to  substitute  for  austenitic  nlckel- 
chroalua  stainless  steels  in  heat  resistant  applications  at  moderate  temperatures  and 
soae  corrosion  resistant  uses  including  the  ocean  environaent. 

'.ill icon  Alloys  Worthy  of  Development  Efforts 

High  silicon  molybdenum  ductile  cast  iron  is  already  in  direct  competition  with 
high  chroalua  steels  in  soae  high  temperature  applications  on  an  econoalc  basis.  31-Mo 
ductile  is  basically  a  standard  ferritic  nodular  iron  containing  4  percent  silicon  and  t 
percent  aolybdenua.  It  is  being  used  for  turbocharger  housings,  exhaust  manifolds,  and 
furnace  grates.  It  Is  probable  that  with  minor  design  changes  3i-No  ductile  iron  could 
function  in  place  of  high  chroalua  steels  in  nuaerous  high  temperature  applications.  A 
comparison  of  properties  of  the  two  materials  is  given  in  Figure  3- 

While  saall  additions  of  silicon,  as  noted  above,  enhance  the  oxidation  resistance 
of  materials,  alloying  with  larger  amounts  (9-18  percent  3i )  provide  excellent  resistance 
to  acqueous  corrosion  In  aany  agresslve  acid  aedla-  Despite  the  excellent  corrosion 
resistance  of  the  high  silicon  alloys,  the  trend  has  continued  toward  more  extensive  use 
of  chroml  ua-contal n  1  ng  stainless  at  els.  i  .is  can  be  attributed  to  the  Halted  mechanical 
properties.  Impractical  fabricablllty ,  and  poor  weldability  of  the  high  silicon  alloys. 

It  la  evident  that  to  expand  the  potential  of  these  alloys  as  a  viable  chroalua 
substitution  option  for  corrosion  resistant  applications  development  efforts  should  be 
pursued  to  improve  their  aechanlcal  properties  and  fabricablllty.  Wrought,  hot  and  cold- 
workable  silicon  containing  alloys  should  be  regarded  as  a  goal  to  be  achieved  by  recent 
advances  in  metallurgical  processing  declared  A.  I.  Aaphahanl,  Cabot  Corp.  at  the  Vander¬ 
bilt  University  workshop  on  Chroalua  Substitution. 

in  another  approach,  since  aany  corrosion  reactions  occur  on  exposed  surfaces,  the 
high  silicon  alloys  would  be  useful  for  weld  overlaying,  thermal  spraying,  and  surface 
Impregnation.  A  silicon  Impregnation  process  was  developed  in  the  early  1930's  to  provide 
components  with  excellent  corrosion  properties  and  to  get  around  the  brittleness  and  poor 
physical  properties  of  high  silicon  alloys.  The  alloy  surface  containing  14  percent 
silicon  had  a  thickness  of  0.010  to  0.05  in.  It  is  interesting  to  note  that  the  developer 
of  this  process  alaoat  half  century  ago  recognised  the  "strategic  Importance  of  replacing 
Imported  chromium  with  an  element  obtained  froa  comaon  sand.”  IHetal  Progress,  Oct.  19397 

Alualnldes  for  Structural  use  at  Elevated  Temperatures 

Both  iron  and  nickel  alualnldes,  as  interaetalllc  alloys,  have  unique  properties 
which  make  them  attractive  for  structural  applications  at  elevated  temperatures.  They  are 
hard,  stable,  strong  and  resistant  to  elevated  temperature  oxidation  and  corrosion.  The 
major  difficulty,  however,  is  their  tendency  to  exhibit  brittle  fracture  and  low  ductility. 

Significant  progress  has  been  reported  by  Oak  Ridge  National  Laboratory  in  laproving 
the  ductility  of  nickel  alualnldes  (Nlj  Al).  The  approach  is  based  on  addition  of  micro- 
alloying  elements  (Dopants)  to  control  grain  boundary  chemistry  and  cohesion  and  reduce 
the  tendency  toward  brittle  intergranular  fracture.  Boron-doped  nickel  alualnldes  exhibit 
room  temperature  tensile  ductility  above  50  percent,  the  highest  ductility  ever  achieved 
by  polycyetalllne  alualnldes. 

Unlike  conventional  alloys,  the  yield  strength  of  alcroalloyed  NI3AI  increases 
at  elevated  temperatures,  reaching  a  aaxlaua  around  600*  C,  as  illustrated  in  Figure  4, 
showing  test  results  for  boron  doped  NI3AI  and  for  advanced  alualnldes  developed  in 
recent  research  utilising  alcroalloy ing  and  thermoaechanloal  treatment.  The  advanced 
HixAl  compositions  have  higher  tensile  strength  at  elevated  temperatures  than  Waspaloy, 
an  aircraft  engine  superalloy,  as  shown  in  Figure  5-  These  advanced  aluainide  alloys 
display  at  600  C  a  yield  strength  of  120,000  pel  (830  MPa)  which  is  more  than  three  tlaes 
that  of  Haatelloy  X,  a  ductile  nickel  base  alloy.  The  resistance  of  alualnldes  to  oxid¬ 
ation  and  aulfldlslng  ataoapherea  is  a  useful  property  for  aerospace  applications.  Com¬ 
panies  involved  in  production  of  aerospace  alloys  have  expressed  Interest  in  the  struc¬ 
tural  alualnldes  and  plans  are  being  Bade  for  preparation  of  large  ooaaeroial  heats  for 
evaluation  of  properties. 

Bearl ng  Steels  of  AI8I  TYPjt  52100  with  Reduoed  Chroalua 

An  alternate  to  standard  AI8I  Type  52100  bearing  steel,  designated  TBSt-S  by  ita 
developer,  the  Tiaken  Cc. ,  reduces  chromium  oontent  froa  1.5  to  0.5  peroent.  The  low 
chroalua  alternate  developed  In  anticipation  of  a  possible  ohroalua  shortage  satisfies 
all  of  the  technical  and  bearing  performance  requirements  of  standard  AISI  52100  bearing 
components.  Bsoause  the  new  st  el  is  aore  eoonoaloal  than  52100  it  has  reoelvad  wlds 
acceptanos  froa  users.  The  prooess  was  elsply  one  of  substitution  of  manganese  and 
aolybdenua  for  chroalua  baaed  on  prior  work  conducted  on  the  influence  of  various  alloy¬ 
ing  elaasnts  on  hardenablllty  of  high  oarbon  steels  as  shown  in  Figure  6. 

User's  experience  has  confirmed  the  equality  of  the  substitute  bearing  steel  and 
Tiaken  reports  that  TB3-9  has  replaced  at  least  one  third  of  its  high  oarbon  bearing 
stsel  orders,  the  bast  verification  of  ita  viability  as  an  alternate  ball  bearing  steel. 


Bulk  savings  in  chromium  could  amount  to  910  tone  annually  In  the  U.  3.  If  the  TBS  ateel 
was  substituted  across  the  board  In  an  emergency-  It's  likely  that  the  producers  of  Type 
VIGO  bearing  steel  have  chroaiua-free  proprietary  compositions  that  could  be  brought 
forth  in  a  crisis  but  are  not  being  offered  now  because  economics  of  applications  are  not 
favorable  due  to  the  low  cost  of  chroaiua. 

Heat  treatable  steels  without  chroaiua 

About  17  percent  of  chroaiua  consumed  annually  in  the  U.3.  goes  to  produce  con- 
Htructlonal  alloy  steels  where  it  used  primarily  for  its  effect  on  hardenablll ty  in  heat 
treatment.  While  chroaiua  is  both  highly  efficient  and  cost  effective  In  this  application 
It  can  be  replaced  with  alternative  alloying  elements. 

Two  grades  of  heat  treatable  carburising  steels  widely  used  for  gears  and  Bhafts 
are  the  AI3I  6600  series  containing  nicks 1-chroai um-aolybdenum  and  the  A13I  4100  series 
containing  chroai uo-aolybdenua.  TheBe  two  grades  account  for  60  percent  of  the  chroaiua 
used  in  heat  treatable  alloy  carburising  steels,  which  is  about  10  percent  of  total  U.  3. 
requirements  for  chroaiua.  Conservation  by  substitution  of  other  elements  for  this 
chroaiua  will  reduce  U.  3.  needs  by  10  percent  or  extend  the  supply  for  those  applications 
for  which  there  1s  currently  no  viable  substitute  for  chroaiua. 

Hesearch  to  develop  new  alloys  to  replace  chroaiua  In  heat  treated  carburising 
steels  for  gears  and  shafts  was  conducted  at  International  Harvester  Co.  under  sponsor¬ 
ship  of  (/.  3.  Bureau  of  Hines  and  was  reported  at  the  workshop  on  "Conservation  and  Sub¬ 
stitution  Technologf  for  Chroaiua"  held  at  Vanderbilt  University,  October  1982.  The 
chroaiua-free  steels  consist  of  a  aanganese-aolybdenua  substitute  and  a  aanganese-nlckel- 
aolybdenum  substitute.  The  coapositlon  ranges  for  the  replacement  steels  for  AI3I  4118 
and  A 131  8630  are  given  in  Table  2.  Teste  conducted  on  experlaental  heats  show  that  the 
chroaiua-free  steels  provide  alcrostructure,  heat  treat  response  and  aechanlcal  properties 
equivalent  to  the  6600  and  4600  chroaiua  containing  grades.  Hardenablll ty  bands  for 
A 131  6620  and  for  A13I  4116  compared  with  the  replacement  chroaiua-free  steels,  given  In 
Figure  7  and  Figure  8,  show  an  equivalent  hardenabl 11 ty  response. 

Experience  has  shown  that  standard  steels  for  applications  requiring  heat  treatment 
can  be  replaced  by  new  steels  of  different  alloy  coapositlon  provided  the  new  steels 
exhibit  the  saae  hardenab i 1 1 ty ,  heat-treat  response  and  aechanlcal  properties.  Thus  by 
control  of  composition  new  chroaiua-free  steels  can  be  developed  to  replace  standard 
steels  in  current  parts  without  the  need  for  redesign  of  the  parts  and  with  only  nominal 
changes  in  process  control  parameters.  Computer  model 8  for  predicting  hardenablllty, 
properties,  and  heat  treatment  requirements  are  now  available  to  facilitate  the  develop¬ 
ment  of  new  alloys.  Basic  assumption  in  the  developaent  of  substitute  heat  treatable 
steels  are: 

Engineering  performance  of  a  heat  treated  coaponent  is  controlled  by  the  carbon 
content,  alcrostructure  and  residual  stresses. 

The  alcrostructure  and  residual  stresses  are  governed  by  the  carbon  content, 
hardenablllty,  and  martensitic  start-and-f Inlsh  transformation  tsaperatures. 

Alloy  coapositlon  controls  hardenablllty  and  transformation  tsaperatures. 

Thus  opportunities  exist  to  develop  substitute  steels  coaposed  of  alternate  non- 
strategic  or  less-strategic  alloy  elements  provided  the  new  steels  have  the  saae  carbon 
content,  hardenabl lity,  and  aartensltlc  transformation  temperatures. 

Chromium-Free  Alloy  Steals  Ready  when  needed 

Industrial  research  and  developaent  efforts  by  the  steel  Industry  in  the  United 
3tetee  have  developed  "on  the  shelf"  alloy  steels  which  conserve  chromium,  and  are  ready 
for  uee  If  the  demand  arises.  Kxaaples  include  a  modified  AI3I  3120  alloy  with  chroaiua 
reduced  from  1.50  percent  to  0.60  percent.  This  alloy  Is  already  off  the  shelf  and  In 
uee  in  automotive  steering  gear  systems.  Another  alloy  designated  ”2  HI-  2  Ho"  Is  being 
evaluated  by  Republic  Steel  Cor p.  for  use  in  rook  drilling  bits  and  would  reduoe  chromium 
content  froa  0.55  percent  to  zero  compared  with  the  currently  used  SAE-BX-55  steel. 

In  terms  of  alloy  bar  steels,  there  would  not  be  a  serious  problem.  The  technology 
le  available  to  readily  find  alloy  substitutes  for  chroaiua  through  the  Judicious  use  of 
molybdenum,  boron,  vanadium,  manganese  and  nickel.  Whether  It  la  a  carburising  steel, 
such  am  AI31  8620,  or  a  through  hardening  steel  sucn  as  AIS1  4140  adequate  non-chromium 
substitutes  can  be  made  available.  Computerised  hardenablllty  prediction  syoteas,  pre¬ 
viously  noted,  have  proven  to  be  accurate  and  fast  and  would  shorten  alloy  development 
time  for  new  steels  to  conserve  chroaiua  in  a  orisis. 

Carburising  Steels  for  Elevated  Tsaperatures  use 

Additional  Fvwwmf ch  Is  neoessmry  to  determine  the  full  potential  of  ohroaluafree 
heat  treatable  carburising  steels  for  elevated  teaperature  service  in  range  of  600*  t 
;  31 5C )  but  prospects  appear  promising.  To  a  large  extent  elevated  temperature  properties 
depend  upon  precipitation  of  alloy  carbides  during  tsaperlng  at  temperatures  above  the 
intended  servlae  temperature  to  fora  a  strengthening  dispersion  stable  at  tbs  operating 
teaperature. 
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The  extent  to  which  chromium  enters  Into  these  various  carbides  Is  not  well  de¬ 
fined.  However  carbide  precipitation  and  secondary  hardening  do  occur  In  vanadium, 

•solybdenum  and  tungsten  alloyed  steels  without  chromium  additions,  and  such  precipitation 
is  the  major  prerequisite  for  good  elevated  temperature  properties.  A  steel  designated 
’H.'  '000  with  about  1  percent  chromium,  as  shown  in  Table  3,  performed  better  than  X-2M 
with  almost  5  percent  chromium  In  tests  conducted  by  Climax  Molybdenum  Co. 

K e n» a r c h  q n  Pressure  Vessel  Chromium-Free  Steels  Weeded 

Chromium-free  steels  are  available  for  most  etructural  plate,  an  exception  being 
I reunure  vessel  plate.  Annual  consumption  of  A3TM  A-387  Bteel  grades  used  for  pressure 
vessels,  boilers  and  heat  exchanges  Is  8,000  to  9,000  tons  per  year.  The  common  grades 
'stain  either  1.25  percent  or  2.5  percent  chromium,  which  Is  required  for  high  tempera¬ 
ture  strength,  toughness  and  resistance  to  hydrogen.  Pressure  vessel  steels  are  utilized 
in  critically  Important  applications  and  there  Is  no  research  In  progress  to  develop 
•hromi uB-f ree  alternate  alloys  for  an  emergency. 

'hina  dear  steel  Without  Chromium  or  Nickel 

What  Is  described  as  a  "Hare  Earth  Boron  Cteel"  Is  being  used  In  China  for  heavy 
duty  carburized  gears,  and  properties  are  reported  to  be  better  than  those  attained  with 
conventional  nickel-chromium  gear  steels.  The  steel  used  at  the  Nachang  Gear  plant  has 
the  following  composition  ranges  in  weight  percentage:  carbon  0.22-0.28;  manganese  1.30- 
l.bO;  silicon  0.20-0.45;  titanium  0.06-0.12;  boron  0.001-0.004;  Rare  Earths  0.05.  Chinese 
metallurgists  attribute  the  Improved  rupture  strengtn  and  toughness  of  the  carburized 
gears  to  the  rare  earth  additions. 

H  ljjh  strength  Low  Alloy  Steels  (HSEAj 

HCbA  steels  constitute  a  new  class  of  eteels  with  high  strength,  toughness  and 
formal! llty  achieved  by  applying  advances  In  understanding  of  processlng/mlcrostructure/ 
property  relationships.  The  strength  of  these  steels  does  not  depend  on  traditional 
hardenab i 1 1 ty  approaches  and  the  majority  do  not  contain  chromium. 

Properties  are  achieved  by  using  mlcroaddl t 1 ons ,  generally  less  than  0.1  percent 
of  alloying  elements,  principally  niobium,  vanadium  and  molybdenum  with  controlled  thermo- 
mechanical  treatments.  The  use  of  these  steels  may  be  expanded  to  supplant  chromium- 
containing  heat  treatable  steels  and  low  alloy  steels  In  airframes. 

surface  Modification  and  Alloying  Systems 

Metallurgical  coating  systems  utilizing  surface  modification  and  alloying  techniques 
such  as  Ion  Implantation,  laser  and  electron  beam  heating.  Ion  bean  mixing  are  currently 
undergoing  rapid  development.  Coating  techniques  Including  electroplating,  vapor  deposi¬ 
tion,  sputtering,  plasma  spraying,  and  Ion  plating  are  currently  In  use  In  relevant 
appl lcat 1 ons. 

Prom  the  technological  viewpoint  the  use  of  all  these  techniques  could  be  rapidly 
increased  In  the  event  of  a  severe  chromium  shortage.  Certainly  further  technical  pro¬ 
gress  and  new  capabilities  will  result  from  continual  research  In  the  area  of  surface 
modification.  However,  the  potential  for  chromium  conservation  presented  by  advancement 
In  coating  systems  should  be  pursued  aggressively  to  develop  these  technologies  Into  a 
viable  option  for  emergency  preparedness. 

Establ lshed  Coating  Processes  Conserve  Chromium 

Cladding  with  stainless  steel  Is  an  Important  option  for  reduction  In  use  of 
chromium  where  Its  primary  function  la  to  provide  surface  protection  from  corrosion, 
oxidation  and/or  wear.  The  technology  for  cladding  carbon  steels  with  stainless  steel  Is 
well  established  and  It  Is  estimated  that  a  substantial  amount  of  the  stmlnless  steel 
plate  used  could  be  replaced  by  clad  plate  to  conserve  chromium. 

Electroless  nickel  plate  and  nitriding  are  being  used  now  where  they  are  cost 
effective  and  could  be  used  more  widely  for  wear  and  corrosion  protsction  If  ohroaium  was 
unavailable. 

Alloying  elements  asjr  be  Introduced  by  diffusion  Into  ths  metal  from  a  powder 
applied  to  ths  surface  at  elevated  tesperature.  Chroslus,  diffusion  bonded  (0.002  In.)  > 

on  low  csrbon  steel  sheet,  say  be  used  as  sn  sltsrnsts  to  ferritic  stainless  steels  In 
soae  applications.  Aluaniua  diffusion  costings  on  steel  ere  being  employed  In  hast 
resistant  applications. 

Often  surface  trestsents  are  affective  in  conserving  Instead  of  replacing  chroslus. 

An  example  Is  alualnlced  hot  dip  ooeted  steel  where  the  substrate  instead  of  being  e  low 
carbon  steel  la  e  low  alloy  steel.  Adding  esell  amounts  of  ohroaium,  aluminum,  and 
titanium  to  the  base  motel  lnoremaes  the  ooeted  material's  upper  oxidation  limit  to  1500* 

F  versus  1250*  F.  In  tlaes  when  low  ooat  ohroaium  la  readily  eveileble,  as  it  is  today, 
for  conservation  to  be  effective  e  cost  advantage  lnduoeaent  auet  be  built-in.  While 
aeterlel  Inertia  holds  beok  conservation  in  many  existing  applications.  It's  laportant 
that  eeerglag  high  alloy  applications  be  guided  toward  etreteglo  materiel  conserving 
alloys. 
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The  Potential  for  Displacement  Technologies 

High  performance  ceramics  offer  many  of  the  valuable  properties  that  chromium 
contributes  including  high  temperature  strength,  corrosion  resistance,  and  hardness. 
Ceramics  such  as  silicon  carbide,  silicon  nitride  and  silicon  aluminium  nitride  have  the 
potential  for  use  in  high  performance  aircraft  engines  and  hot  section  components  at 
temperatures  comparable  to  those  attainable  with  superalloys. 

However  to  realize  this  potential  major  problems  must  be  solved.  The  brittleness 
of  ceramics  is  a  major  shortcoming.  A  better  understanding  of  how  to  avoid  flaws  in  the 
manufacturing  process  and  the  development  of  design  approaches  suitable  for  brittle 
materials  are  major  challenges  in  the  advancement  of  high  performance  ceramics  as  dis¬ 
placement  materials  for  chromium  containing  high  temperature  alloys. 

Composite  technology  is  being  pursued  in  all  major  areas  of  materials  Including 
polymers,  metals  and  ceramics.  Conservation  of  critical  materials  can  result  from  direct 
displacement  or  from  benefits  due  to  a  lighter  aircraft.  Composites  represent  one  of  the 
more  promising  technical  poss 1 h l 1 1 t 1 es  for  displacement  of  critical  chromium  by  advanced 
materials. 

Rapid  solidification  processing  is  another  Innovative  materials  technology  which 
promises  improved  high  temperature  and  high  strength  properties  for  engine  and  structural 
applications.  This  technology  may  lead  to  Improved  performance  and  to  conservation  of 
chromium  and  other  critical  metals.  American  jet  engine  manufacturers  are  devoting 
substantial  research  and  development  efforts  to  the  process. 

The  C oncept  of  Substitution  Preparedness 

In  conclusion  I  would  like  to  emphasize  the  value  of  an  organized  effort  to  gather 
and  develop  information  on  chromium  substitution  and  conservation  and  have  it  ready  an  a 
contingency  measure  in  event  of  a  crisis. 

As  a  spokesman  for  "substitution  preparedness",  which  is  how  I  referred  to  my 
recommendation,  in  testimony  in  the  Congreaa  of  the  United  States,  I  pointed  out  that  it 
is  essential  that  appraisal  and  recording  of  substitution  and  conservation  procedures  in 
specific  applications  be  as  complete  as  available  Information  allows.  Thus,  it  is  recom¬ 
mended  that  a  plan  be  developed  to  "stockpile"  this  Information.  As  research  and  develop¬ 
ment  programs  are  developed  to  plug  gaps  and  create  new  options  for  substitution  and 
'onservat i on,  this  technological  know-how  would  be  added  to  the  information  stockpile. 

Heeds  for  additional  Information  on  conservation  options  should  be  Identified  and 
defined  so  that  research  and  development  projects  can  be  assigned  to  gather  data  required 
to  expand  capabilities  In  these  areas  which  appear  to  be  sound  and  achievable  with  avail¬ 
able  meana. 

It  should  be  noted  that  leadtime  is  very  short  in  an  emergency  situation.  Thus  a 
stockpile  of  Information  on  substitution  and  conservation  technology  Is  also  a  stockpile 
of  time,  and  a  valuable,  yet  relatively  low  coat  supplement  to  a  strategic  materials 
commodity  stockpile. 

Programs  on  substitution  and  conservation  should  be  an  important  part  of  strategic 
planning  for  individual  manufacturing  firms.  In  presentations  before  company  management 
groups  I  have  encouraged  an  organized  effort  on  etrategle  materials  planning,  including 
the  development  of  substitution  and  conservation  programs,  pointing  out  that  the  objec¬ 
tives  of  a  government  initiative  on  substitution  technology  can  be  applied  to  company 
research  and  development  programs  on  alternative  material j  for  present  and  future  products. 
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STEELS  TYPICALLY  USED  IN  AIRFRAME  CONSTRUCTION 


AUOV  STEEL* 

PRODUCT  FORMS 

APPLICATIONS 

i 

4130,  4140 

BAR,  FOROINQS.  TUBING 

FITTINGS.  FASTENERS, 

WELDMENTS 

; 

4340.  300 M. 

BAR.  FORGINGS 

FITTINGS.  LANDING  GEAR 

OSAC.  9NI  4Co 

STRUCTURE 

H-11 

BAR 

FASTENERS 

52100 

BAR 

BEARINGS 

1085.  6150,  S254 

WIRE 

SPRINGS.  CONTROL  CABLE 

STAINLESS  STEELS 

17-4PH,  1S-6PH 

BAR.  CA8TINGS.  FORGINGS 

FITTINGS.  HOUSINGS 

PH13  8MO.  CUSTOM  458 

BAR 

FITTINGS.  FASTENERS 

17-7PH.  AM360 

SHEET.  PLATE 

DUCTING.  FITTINGS. 

PANS.  SPRINGS 

3XX 

BAR.  SHEET.  TUBING 

FITTINGS.  CABINETS 

DECORATIVE  TRIM. 

DUCTING 

21-6  9  (NITRONIC  40) 

TUBING 

HYDRAULIC  LINES 

440C 

BAR 

BEARINGS 

A-28S 

BAR 

FASTENERS 

7)UPf£  Lockheed  California  (.ohhk iny,  Vanderbilt  Workshop  on  Conservation  and  Substitution 
Technology  for  ChroffnuR 
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ALTERNATE  DESIGN  APPROACHES 


CYLINDER 


KEVLAR  FIBER 
WINDING 

(PRESSURE  VESSEL) 


STEEL  SLEEVE 


KEVLAR  4t 

CONTINUOUS  FILAMENT 
WIND  CIRCUMFERENTIALLY 


SSCTMNA 


BORON/AI 

ADHESIVE  BONO  TO 
STEEL  SLEEVE 
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FIGURE  3. --Comparison  of  Properties  of  High-Chromium  (MC) 
Steel  and  4$t-lMo  Nodular  Iron 


HC  STEEL 

4  Si-1  Mo 

Tensile  Strength 
st  Room  Temperature 

55.000  min 

80.000  mm 

•/•Elongation 
at  Room  Temperature 

MS 

MS 

B'ineii  Hardness  No 

190-223 

190-240 

Load  Bearing  Service 

up  to  1200°? 

up  to  1500°F 

Rupture  Stress 
at  1300“? 
at 1400“F 

2300  psi 

3300  par 

Source.  Clime*  Molybdenum  Co. 
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ONNL-OtfO  0*0741 

THE  YIELD  STRENGTH  OF  ALUM1N1DE  ALLOYS  INCREASES 
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ABSTRACT 

*The  potential  of  metal-matrix  composites  as  gas-turbine  blade  materials  has  largely 
been  judged  on  the  Increased  temperature  capabilities  they  offer  over  the  strongest 
current  superalloys.  However,  several  composites  that  have  been  rejected  on  this  basis 
are  either  independent  of  or  have  low  concentrations  of  critical  alloying  elements. 
Consequently  they  should  be  reassessed  as  reserve  materials  matching  the  performance  of 
exist inq  widely  used  superalloys  that  depend  on  strategically  vulnerable  constituents. 

A  review  of  metal-matrix  composites  for  high  temperature  applications  will  be  made  in 
order  to  Identify  materials  that  are  insensitive  to  the  supply  of  critical  elements. 

An  alternative  approach  might  be  to  consider  the  potential  of  regenerating  the 
original  creep  performance  of  certlan  monocarbide  reinforced  nickel  based  composites  - 
such  as  Cotac  744  developed  at  ONERA  -  after  service  exposure.  In  this  context  the 
combination  of  perfectly  elastic  fibres  in  a  creeping  matrix  would  imply  that  high  temp¬ 
erature  deformation  of  these  materials  is  almost  completely  recoverable.  Hence,  one 
should  judge  the  potential  of  these  materials  in  the  light  of  total  lift,  expectancy 
through  both  the  processing  and  regeneration  conditions  rather  than  from  their  simple 
creep  behaviour  alone.  I 


INTRODUCTION 

The  principal  motivation  for  the  development  of  high  temperature  composite  materials 
for  qas  turbine  applications  appears  to  have  been  to  exceed  the  temperature  capabilities 
of  the  very  stronqest  superalloya.  The  aim  has  been  to  produce  materials  with  an  addit¬ 
ional  strengthening  mechanism  that  remains  operative  after  the  usual  hardening  agent  of 
nickel-base  superalloys,  vir  >•  precipitate,  has  dissolved  in  the  y-matrlx.  Alloys 
have  Indeed  been  described  that  offer  a  clear  technical  advantage  (1,2,31  over  existing 
superalloya;  however,  processing  difficulties  affecting  the  economics  of  production  have 
inhibited  the  exploitation  of  these  materials.  VerSnyder  (4)  has  expressed  the  optimis¬ 
tic  view  that  cost-considerations  will  only  delay  acceptance  of  these  materials  until 
the  1990 's;  however,  there  must  be  a  danger  that  the  advantages  of  these  high  strength 
composites  will  be  superseded  by  developments  in  other  materials  (eg  single  crystals, 
oxide-dispersion  strengthened  alloys,  ceramics). 

The  aim  of  *hls  paper  is  to  reassess  the  potential  of  high  temperature  composites  in 
the  context  of  the  themes  of  the  present  meeting.  Firstly,  they  will  be  considered  as 
direct  substitutes  which  match  but  do  not  necessarily  axcaed  the  perforsumce  of  existing 
materials  but  which  may  offer  significant  advantages  of  reduced  cost  or  reduced  dependence 
on  certain  strategically  vulnerable  elements.  Secondly,  the  response  of  composite 
materials  to  post-service  rejuvenation  procedures  will  be  considered  in  order  to  assess 
the  full  potential  service  lives  of  components. 

The  emphasis  will  be  on  ln-sltu,  rather  than  synthetic,  composites  since  they  are 
broadly  compatible  with  existing  investswnt  casting  and  directional  solidification 
technology  and,  consequently ,  are  more  likely  to  be  accepted  as  direct  substitutes  for 
existing  materials.  It  may  be  necessary  to  modify  the  processing  conditions  significantly 
(temperature  gradient  and  solidification  rate)  and  use  different  moulding  materials  in 
order  to  prevent  mould-lor  core-)melt  interactions.  However,  the  basic  equipment  and 
experience  art  available  to  allow  coasaercial  development  of  ln-sltu  composites  if  an 
economic  or  strategic  benefit  warrants  thsir  exploitation. 


CRITICAL  METALS  CONTENT 

Analyses  of  import  dependence  of  the  US  on  critical  mstals  have  recently  been 
published  by  Bradley  (5)  and  by  Metal  Bulletin  Monthly  (6).  These  show  that  of  the  usual 
constituents  of  superalloys  more  than  901  of  cobalt,  chromium,  tantalum,  manganese  and 
niobium  originate  from  predominately  Third  Morld,  South  African  and  Eastern  Bloc  sources; 
consequently  their  supply  is  vulnerable  to  political  and/or  economic  pressure.  The 


situation  it  even  more  ttvere  for  the  European  Industry  which  la  dependent  on  virtually 
100*  of  its  raw  materials  so  that  nickel,  titanium,  tungsten,  molybdenum  and  vanadium  are 
also  of  strategic  Importance;  the  supplies  of  these  elements,  from  ally  nations,  are 
perhaps  politically  assured  but  they  are  still  subject  to  economic  pressures.  It  would 
clearly  be  politic  to  have  alternative  materials  leas  dependent  on  certain  critical  metals, 
available  for  use  in  important  components  in  the  event  of  disruption  of  supplies.  It  is 
unreasonable  to  consider  the  total  elimination  of  all  strategic  elements  in  a  metallic 
component;  rather  we  shall  describe  the  structure  and  properties  of  composites  that  have 
no  or  low  concentrations  of  specific  critical  metals  in  relation  to  current  materials. 

Their  compositions  are  listed  in  Table  1. 


CO- FREE  ALLOYS 

The  mechanisms  by  which  cobalt  strengthens  nickel-base  superalloys  have  not  been  clearly 
established  (7).  Tien  et  al  (71  have  surveyed  current  evidence  showing  that  the  presence 
of  cobalt  can  influence  the  volume  fraction  and  solvus  of  the  r'  precipitate,  the 
stackina  fault  energy  and  the  carbide  chemistry  which  cumulatively  lead  to  a  large  effect 
that  makes  cobalt  an  indispenslble  constituent  of  most  advanced  nickel-base  superalloys. 

While  the  benefits  of  Co  have  been  incorporated  in  the  development  of  the  most 
advanced  I n-eltu  composites,  such  as  the  NITAC  (21  and  COTAC  (1)  series,  some  of  the 
earlier  versions  were  cobalt-free.  However,  the  processing  difficulties,  low  transverse 
ductilities  and  poor  thermal  fatigue  resistance  militate  against  any  commercial  exploita¬ 
tion  of  these  materials.  The  y-y’-Cr3C2  alloy,  developed  at  NPL  (81,  although  not 
matching  the  high  temperature  strengths  of  the  strongest  ln-sltu  composites  is  both  cobalt- 
free  and  compares  favourably  with  many  current  alloys. 

a)  Processing.  Unlike  many  ln-sltu  composites  which  must  be  directionally  solidified 
very  slowly  T<  10  mmh"')  in  very  high  temperature  gradients  (~  20  Kmm'1!,  y-y'-CrjCj 
can  be  successfully  prepared  at  high  rates  (up  to  1000  mmh'^1  and  in  relatively  low 
temperature  gradients.  This  is  similar  to  the  conditions  used  in  the  directional  solidi¬ 
fication  of  superalloys.  The  alloy  is  relatively  insensitive  to  the  precise  compositions 
acceptable  microstructures  being  obtained  from  a  range  of  casts  made  to  commercial 
specif ications  (Figure  11.  It  would  be  necessary,  however,  to  develop  new  mould  and  core 
materials  since  there  are  significant  Interactions  between  the  melt  and  the  conventional 
silica-base  shell  moulds  (Figure  2).  However,  such  a  development  may  also  be  required  to 
allow  effective  recycling  of  directionally  solidified  superalloys  since  silicon  leached 
from  the  moulds  can  apparently  weaken  the  longitudinal  grain  boundaries  in  directionally 
solidified  components  prepared  from  revert  superalloys. 

bl  Physical  properties.  The  density  Of  7.5  Mgm*3  is  lower  than  that  of  most  current 
superal loys  (similar  to  IN10QI  and  the  melting  temperature  of  1320*C  is  as  high  as  present 
supers  1 loys . 

cl  Oxldatton/corrosion  resistance.  The  alloy  has  excellent  cyclic  oxidation  resistance 
assessed  by  laboratory  thermogravimetrlc  tests  and  metallographic  examination;  this  has 
been  confirmed  in  burner  rig  tests  performed  by  Rolls-Royce  Ltd  at  1323  K  in  an  atmosphere 
containing  4  ppm  NaCl.  The  results,  shown  a*  depth  of  attack  as  a  function  of  time  in 
Figure  3,  compare  favourably  with  previous  data  for  typical  stator  and  rotor  blade  alloys 
(C  1023  and  MarMoo2  respectively).  Indeed  the  uncoatad  y-y ' -CrjCj  has  similar  oxidation 
resistance  to  aluminised  superalloys. 

In  the  more  severe  corrosion  rig  test  for  303  h  at  850*C  with  fuel  impurities  of  0.15 
sulphur  and  50  ppm  NaCl  injected  in  the  atmosphere  inert  is  no  detectable  loss  of  section 
although  IN713  is  severely  affected  in  these  conditions  (Figure  4). 

d)  Mechanical  Properties.  The  stress  rupture  data  for  y-y'-Cr^Cj  are  compared  with 
thoseTor- currentTyavaTTable  materials  in  Figure  5.  The  absolute  comparison  of  1000  h 
rupture  stresses,  relevant  to  stator  blade  applications,  shows  a  substantial  benefit 
over  current  stator  alloys.  A  density  compensated  comparison,  of  interest  in  relation  to 
rotating  components,  shows  that  r-y'-CrjCj  matches  most  blading  alloys  in  the  appro¬ 
priate  stress  range.  In  addition  Y"Y'-Cr3C2  has  adequate  impact,  fatigue,  thermal 
fatigue,  notch  sensitivity  and  transverse  creep  behaviour. 


FERROUS- ALLOYS 

Although  the  MATO  nations  have  a  reasonably  aasurad  supply  of  nickel,  there  would  be 
both  cost  end  technical  advantages  it  lron-basa  alloys  could  replace  nickel-base  super- 
alloys  for  certain  applications.  As  with  Y-Y'-CrjC2»  the  processing  conditions  for 
ln-sltu  composites  with  N7CJ  reinforcement  in  Mi,  Co  or  re  matrices  are  broadly 
cesspa tibia  with  current  cosawrcial  directional  solidification  practice,  economic  solidifi¬ 
cation  rates  of  -  30  msdi*'  being  possible  (9).  A  typical  microatructure  of  an  (Fe,  Cr)- 
Cr-C,  ln-sltu  composite  solidified  si  30  nmh'1  is  shown  in  Figure  6.  Several  studies  of 
suc)i  iron-base  alloys  have  been  reported  (10,11,12)  and  the  current  status  of  these 
materials  is  summarised  below. 

a)  Physical  Properties.  The  alloys  have  low  densities  (-  7.3  l*gm"J)  and  melting 


temperatures  of 


UOO'C. 


b)  Ox  Ida 1 1  on /cor ro» ton  resistance.  Iron  based  alloys  contalnlnq  aluminium  and  chromium 
toqetSer-wTtnlnTnor-T33TtTons~oT~actlve  elements  (such  as  yttrium,  cerium  or  lanthanum) 
have  outstanding  oxidation  and  corrosion  resistance  but  are  relatively  weak.  There  has 
been  considerable  success  In  Increasing  the  creep  strengths  of  such  materials,  by  Incor¬ 
porating  carbide  fibres,  while  retaining  the  excellent  surface  stability.  The  alloys 
with  ferritic  matrices  tend  to  have  better  oxidation  resistance  than  those  with  austen¬ 
itic  matrices  although  the  latter  have  improved  creep  resistance.  Figure  7  indicates  the 
critical  role  that  yttrium  plays  in  Improving  the  oxidation  resistance. 

c)  Mechanical  Properties.  The  stress  rupture  data  are  summarised  in  Figure  8  as  plots 
of  the  stress  to  cause  rupture  In  100  h  as  a  function  of  temperature.  Information  on 
current  Iron-  and  nickel-base  superalloys  are  Included  for  comparison.  The  ferritic 
m-sltu  composite  (NPL  A)  shows  a  very  substantial  strength  advantage  over  the  slnqle- 
phase  FeCrAlY  alloy  which  is  finding  increasing  commercial  application.  However,  the 
combination  of  stronq  fibre  and  weak  matrix  would  be  expected  to  lead  to  poor  thermal 
fatigue  resistance.  Conversion  of  the  matrix  to  the  austenitic  form  has  the  dual  effects 
of  substantially  increasing  the  rupture  strenqth  (Figure  8)  and  of  giving  better  thermal 
fatigue  performance.  Two  approaches  have  been  taken  to  stabilizing  the  fee  form  of  the 
matrix  by  substituting  r.lckel  (11)  (NPI.  B)  or  manganese  (12)  (UTRC)  for  iron.  Both  lead 
to  similar  stress  rupture  properties  with  about  three  times  the  rupture  strength  of  the 
ferritic  alloy.  More  importantly,  they  exceed  the  performances  of  advanced  austentlc 
ferrous  alloys  (CRM-60)  and  of  some  nickel-base  superalloys  (Nimonlc  80A,  90).  Indeed 
with  suitable  density  compensation  these  alloys  are  comparable  to  the  strongest  wrought 
superalloys  (Nimonlc  IIS). 


CHROMIUM-FREE  ALLOYS 

Chromium  is,  perhaps,  the  most  vital  constituent  of  superalloys  imparting  the  required 
oxidation/corrosion  resistance)  however,  it  Is  also  among  the  most  vulnerable  to 
political  or  economic  pressure.  Rapid  developments  in  coating  technology,  the  subject 
of  other  sessions  at  this  meeting,  give  the  hope  of  using  chromium-free  or  low-chromium 
alloys  as  the  main  structure  of  a  component  which  can  then  be  protected  by  a  corrosion 
resistant  coating.  Several  studies  have  been  made  of  ln-sltu  composites  In  the 
Ni-Al-Mo  (3,13,14)  system  which  show  some  promise.  These  range  from  alloys  having 
sujieral  loy-type  y-y'  matrices  reinforced  by  a-Mo  fibres  (3,13)  to  y’-a  (14)  eutec¬ 
tics. 

a )  Processing.  These  alloys  can  usually  be  directionally  solidified  at  relatively  high 
rates  (up  to  JO  or  40  mmh*1)  but  this  requires  very  high  temperature  gradients.  Thus 
exploitation  of  these  materials  would  require  substantial  modifications  to  the  current 
commercial  directional  solidification  equipment  and  procedures.  Also  the  dependence  on 
coatings  would  Introduce  a  substantial  cost  penalty. 

b)  Physical  properties.  This  family  of  alloys  has  melting  temperatures  In  excess  of 
1 3 50 ’C  and  densities  of  about  8.5  Mgm*3, 

c)  Ox  Ida t ion /corrosion  resistance.  The  total  absence  of  chromium  means  that  these 
materials  have  very  poor  Intrinsic  oxidation  resistance.  Some  preliminary  work  has  been 
carried  out  to  determine  their  compatibility  with  coatings,  but  a  great  deal  of  further 
work  would  be  required  before  such  composite/coating  systems  could  be  exploited. 

d)  Mechanical  properties,  y-y ' -a  shows  a  substantial  temperature  advantage  In  stress 
rupture  testing  over  ail  available  directionally  solidified  and  single  crystal  materials 
(Figure  9).  Harf  (13)  has  demonstrated  that  suitable  heat  treatments  can  give  the 
material  adequate  shear  creep  performance  and,  like  most  ln-sltu  composites  the  fatigue 
properties  are  very  good. 


ECONOMIC  CONSIDERATIONS 

The  basic  raw  swterial  costs  of  the  various  alloys  described  above,  at  1980  prices, 
are  listed  In  Table  2  together  with  similar  Information  for  current  and  projected  rival 
materials.  There  is  a  clear  potential  cost  advantage  in  all  of  these  materials  if  they 
can  be  shown  to  be  technically  acceptable.  The  snst  advanced  ln-sltu  cosqjosltes,  such 
as  COTAC  744  and  NITAC  3-1 16A  are  presently  much  more  expensive*!  However ,  one  must 
consider  the  future  usefulness  of  these  materials  both  in  tense  of  specific  applications 
and  the  potential  for  savings  through  multiple  servlce/re juvenatlon  cycles.  Perhaps  the 
most  promising  application  of  monocarblde  reinforced  eutectics  is  in  small  aeronautical 
engines  If  1500  kw) .  Here  the  use  of  advanced  cooling  technology  is  extremely  difficult 
due  to  the  small  dimensions  and  thin  sections  of  high  pressure  (HP)  blades.  It  is  not 
surprising  that  even  the  most  modern  small  engines  generally  use  solid  uncooled  blades. 
The  turbine  Inlet  temperetures  (TIT)  can  therefore  not  be  increased  substantially  as  in 
the  case  of  large  gas  turbine  engines  which  benefit  from  the  latest  cooling  technology. 
However,  the  present  trend  towards  higher  TIT  for  achieving  a  higher  specific  thrua .  will 
either  require  cooling  of  these  already  very  thin  airfoils  or  use  of  materials  capable 
of  sustaining  higher  temperatures.  Belaygue  (15)  has  discussed  and  analysed  in  detail 
the  various  complications  arising  from  an  increase  in  TIT  from  1050*  to  1200*C  which 


will  necessitate  the  introduction  of  cooled  blades  in  these  small  engines  if  conventional 
materials  are  used. 

Since  some  advanced  eutectic  composites  give  a  temperature  gain  of  about  75*C  over 
presently  available  DS  superalloys  and  about  50%  over  current  single  crystal  alloys,  the 
use  of  uncooled  eutectic  blades  for  such  specialised  applications  may  be  viable.  Examples 
of  such  coaiponents  are  shown  in  Figure  11. 


COMPONENT  RECYCLING 

Another  Interesting  property  of  certain  monocarbide  reinforced  eutectics  allows  the 
original  creep  performance  to  be  regenerated  after  service  exposure.  Therefore  the  over¬ 
all  economics  of  these  basically  expensive  materials  must  take  into  account  the  life  that 
can  be  achieved  by  multiple  service/regeneration  cycles. 

The  creep  deformation  of  composites  consisting  of  refractory  fibres  entrained  in  a 
relatively  weak  matrix  is  quite  different  from  that  in  superalloya.  When  the  fibres  and 
matrix  have  widely  different  melting  temperatures  as,  for  example,  NbC  or  TaC  in 
nickel  <eg  in  COTAC  and  NITAC  alloys)  it  is  unlikely  that  both  phases  will  creep.  Indeed 
transmission  electron  microscopy  shows  no  carbide  dislocations  after  creep  at  temperatures 
up  to  1100*C.  Rather,  in  service  conditions  the  fibres,  operating  at  very  low  homologous 
temperatures,  will  deform  elastically  gradually  off-loading  stress  from  the  matrix  to  the 
fibres.  The  elastic  deformation  of  the  fibres  it  recoverable  by  heat  treatment.  This 
effect  was  first  proposed  and  demonstrated  by  Khan  et  al  (1)  who  designated  it  the 
“length  memory  effect". 

Specimens  of  COTAC  744,  whose  aicrostructure  is  shown  in  Figure  12,  were  creep  tested 
at  various  temperatures  and  stresses  to  about  1.2%  strain  in  200  to  100  hours.  Previous 
work  had  shown  that  fibre  fracture  did  not  occur  until  about  1.3  to  1.6%  strain.  The 
specimens  were  re-heat  treated  without  load  (20  mins  at  1200*C,  AC  ♦  16  hours  at  850*C/k 
and  observed  to  contract  to  virtually  their  original  lengths  as  documented  in  Table  3. 

On  re-testing,  the  siaterlal  had  similar  properties  to  the  virgin  material.  Consequently 
the  life  expectancy  of  such  materials  can,  in  principle,  be  substantially  extended  by 
repeated  rejuvenating  heat  treatments  and  an  effective  evaluation  of  the  potential  of 
advanced  ln-sltu  composites  should  take  this  into  account.  Clearly,  the  number  of  cycles 
that  can  be  used  in  practice  will  depend  on  the  dominance  of  other  factors  such  as 
corrosion  or  fatigue  crack  growth. 

Not  all  ln-sltu  composites  fully  exhibit  the  length  memory  effect.  For  example,  heat 
treatment  of  creep  tested  y-y’-CrjCj  results  in  recovery  of  only  part  of  the  creep 
strain,  the  extent  of  recovery  being  greatest  at  low  temperatures  (Figure  10).  This  is 
probably  due  to  the  relatively  high  homologous  temperature  of  CrjCj,  particularly  at 
825*C,  resulting  in  creep  of  the  fibres. 

An  important  consequence  of  the  stress  carrying  capacity  of  elastic  fibres  is  that 
established  extrapolation  procedures,  such  as  Larson-Mil lar  plots,  that  have  evolved  for 
conventional  engineering  alloys,  will  always  underestimate  the  long  term  properties  of 
in-sltu  composites.  In  a  recent  theoretical  treatment,  McLean  (16)  has  shown,  that  for 
elastic  fibres  in  a  creeping  swtrlx  there  is; 

a)  no  steady  state  deformation 

b)  a  decreasing  creep  rate  that  approaches  zero  when  all  of  the  stress  is  carried  by  the 
fibres 

cl  a  break-down  in  the  linear  relationship  between  log  (stress)  and  log  (creep  rate  at 
1%  extension)  or  log  (time  to  1%  extension)  at  low  stresses  where  the  creep  perform¬ 
ance  is  much  better  than  indicated  by  data  extrapolation. 


CONCLUSIONS 

Although  ln-sltu  c<xsposltes  have  so  far  failed  to  meet  the  costolned  economic  and 
technical  targets  ifor  premier  components  such  as  HP1  turbine  blades,  at  least  some  alloys 
appear  to  offer  less  direct  benefits  that  could  be  of  importance  in  the  event  of  disrup¬ 
tions  of  supplies  of  critical  metals 

a)  y-y '-Cr»C«  is  a  cobalt  free  alloy  with  good  oxidation  resistance  and  comparable 
strength  to  most  existing  superalloys. 

bl  Several  iron-base  composites  with  N7C3  reinforcement  having  no  or  little  nickel, 
combine  good  oxidation  resistance  with  the  creep  performance  of  many  nickel-base 
superalloys. 

c)  v-y'-e  is  a  high  strength  chromium-free  alley  that  stay  have  uses  in  combination  with 
protective  coatings. 

Xn  addition,  the  potential  of  the  most  advanced  coagios  it  es,  such  as  NITAC3-1 16A  and 
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COT AC  744  (or  their  derivatives),  may  not  be  fully  appreciated  for  the  following  reasons: 

1)  Time-dependent  deformation  in  alloys  with  hicrhly  refractory  fibres  Is  totally  recover¬ 
able  so  that  the  original  properties  can  be  re-established  several  times  by  heat  treat¬ 
ment  . 

2)  Extrapolation  of  short-term  data  always  provides  a  pessimistic  estimate  of  the  long 
term  performance  of  ln-sltu  composites. 

*)  Introduction  of  cooled  HP  blades  in  small  enqines  (<  1500  kW)  may  not  be  a  practical 

way  of  increasing  the  overall  engine  efficiency  and  consequently  the  higher  temperature 
capabilities  of  some  eutectic  composites  may  offer  an  attractive  solution. 
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Table  2.  Raw  material  costs  of  ln-sltu  composites  and 
conventional  hlqh  temperature  alloys.  (19801  prices. 
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•  The  low  yield  of  COTAC  and  NITAC  alloy  components  due  to  slow  processing 
rates  and  the  small  number  of  blades  produced  per  cycle  may  lead  to  a 
substantial  premium  on  the  processing  staqe  over  the  cost  of  DS  and 
single  crystal  superalloy  castings. 


Table  3.  Improvement  In  stress  rupture  life  of  COTAC  744 
after  repetitive  heat  treatments 
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Flaure  1.  Micrographs  of  (a)  longitudinal 
and  IL.I  transverse  sections  of  Y-Y'-CrjC^ 
directionally  solidified  at  30u  sin  h"'  In 
a  temperature  gradient  of  ~  13  Kaus-1. 


Figure  2.  Transverse  sections  of  y-Y’-CrjCj 
directionally  solidified  in  (a)  a  conven¬ 
tional  alllca-bound  shell  mould  and 
(b)  recrystalllsed  alunina. 


Figure  3.  Depth  of  penetration  of  corrosion 
products  during  burner  rig  teats  at  1323  K 
with  4  ppa  salt. 
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Figure  6.  Micrograph*  of  (a)  longitudinal 
and  (bt  transverse  aectlona  of  the 
FeCrAl Y-Cr^Cj  In-altu  composite  (NPL  Al 
directionally  solidified  at  300  mmh*. 
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Plqure  1.  Stresses  to  causa  rupture  In  1000  h  as  a  function  of  temperature  for 
r-y'-CrjCj.  Data  are  shown  for  rival  auperalloys  and  ln-sltu  composites  for  comparison 
(a)  absolute  stresses  (bt  density  compensated  stresses. 
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Figure  <» .  Potential  rotor  operating  temperature  for 
rival  alloys. 
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Fiqure  10.  Change  in  lenath  with  time  of  creep  specimens  of  f‘i,-Cr$C2  during 

unloaded  heat  treatment  at  1100°C  after  different  prior  test  conditions 
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Fiqure  11.  Finished  uncooled  blades  of  the 
COTAC  74  ln-sltu  composite. 


Fiqure  12.  Typical  microstructure  of  a 
r-r'  monocarbld#  reinforced  COTAC 
eutectic  (trsnsverse  section  of  COTAC  74 
shovlnq  NbC  fibres  **d>edded  In  a  y-y' 
matrix! . 
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ABSTRACT 

The  worldwide  shortages  and  price  escalations  of  cobalt,  titanium,  tantalum  and  other 
sey  elements  In  the  late  1970's  Instigated  manufacturing  development  programs  to  reduce 
their  usage  In  gas  turbine  engines.  This  paper  describes  several  programs  which  provided 
significant  results  in  reducing  raw  material  requirements,  that  have  been  reduced  to 
practice  The  programs  include  forging  and  casting  complex  parts  to  near  net  shape, 
recycling  of  machining  scrap  and  used  parts,  repair  and  refurbishment  of  damaged  or  worn 
parts,  and  component  retirement  for  cause  In  addition  to  reduction  of  strategic  material 
usage,  these  programs  have  resulted  in  lower  cost  parts  due  to  reduced  material  Input 
requirements  and  less  machining. 


INTRODUCTION 

The  spectacular  growth  of  the  aerospace  Industry  in  this  century  has  been.  In  no 
small  way,  made  possible  by  the  accompanying  growth  in  materials  and  process  technology. 

In  the  span  of  a  lifetime,  we  have  been  witness  to  the  growth  In  aircraft  capabilities 
from  the  wood  and  canvas  aircraft  with  their  piston  engines  made  from  off-the-shelf  Iron, 
steel  and  aluminum  alloys,  to  the  modern  gas  turbine  powered  aircraft  of  today.  These 
advances  required  the  development  of  specialized  titanium,  aluminum,  and  superalloy 
materials  with  high  strength- to-dens 1 t y  ratios,  and  very  high  temperature  capability. 

To  achieve  these  levels  of  performance,  alloying  elements  such  as  cobalt,  chromium, 
nickel,  tantalum,  titanium,  and  columbium  were  required.  These  elements  are  highly  Import 
dependent,  as  can  be  seen  In  Figure  1,  being  mined  In  some  areas  of  the  world  which  have 
been  highly  volatile  over  the  years.  Their  Importance  to  modern  aircraft  production 
coupled  with  their  high  Import  dependence  has  led  to  their  classification  as  "strategic 
materials  "  Table  I  shows  the  amount  of  strategic  materials  that  are  required  to  make 
an  F100  engine. 

The  first  non  wartime  connected  disturbance  In  the  availability  of  strategic  materials 
occurred  In  1977  when  civil  disturbance  In  Zaire  interrupted  the  mining  of  cobalt  containing 
ore  and  resulted  In  allocation  of  supplies  to  users.  This  was  accompanied  by  severe 
escalation  of  price  ranging  from  5007.  for  producer  cobalt  to  as  high  as  1000T  for  free 
market  material  At  the  same  time  production  requirements  for  civil  and  military  aircraft 
and  engines  was  high  which  aggravated  the  problem.  Accompanying  the  cobalt  problem  were 
shortages  in  other  key  elements  such  as  tantalum  and  titanium.  The  titanium  shortfall 
was  not  due  to  a  shot tage  of  raw  material  (rutile)  but  rather  was  caused  by  Insufficient 
equipment  required  to  convert  rutile  to  sponge. 


MANUFACTURING  DEVELOPMENTS 

These  shortages,  which  lasted  for  several  years,  resulted  In  programs  at  aircraft 
and  engine  manufacturers  to  reduce  the  usage  of  strategic  materials.  The  programa 
Initiated  at  Pratt  and  Whitney  Aircraft  at  that  time  consisted  of  five  basic  elements. 
First,  efforts  were  Initiated  to  substitute  alloys  with  less  strategic  material  contenc, 
or  to  develop  new  alloys  with  less  strategic  material  content.  Second,  a  major  manu¬ 
facturing  technology  program  was  Initiated  to  reduce  Input  material  requirements  for 
forgings  and  castings  and  to  revert  scrap  material.  Third,  programs  were  started  to 
repair  and  restore  damaged  or  worn  parts.  Fourth,  a  major  effort  to  extend  the  cyclic 
life  of  rotor  coaiponents  was  undertaken  in  the  USAF  Retirement  for  Cause  program,  and 
fifth,  advanced  technology  engine  designs  were  initiated  with  greatly  reduced  parts  count. 
This  paper  will  primarily  address  the  reductions  In  strategic  materials  achieved  through 
manufacturing  technology,  component  repair  and  rejuvenation  and  retirement  for  cause. 

It  should  be  recognised  that  there  are  no  basic  strategic  materials  problems  at  this 
time  Cobalt  is  available  at  1976  prices,  and  titanium  sponge  production  capacity  Is  more 
adequate.  But,  It  should  also  be  recognised  that  the  primary  source  of  relief  from 
strategic  materials  problems  has  been  the  worldwide  recession  in  the  aircraft  Industry, 
with  credit  also  to  the  strategic  materials  programs  started  In  19/7.  The  potential  for 
strategic  material  shortages  and  price  escalations  still  exists  particularly  as  new 
aircraft  and  engine  orders  Increase. 
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In  the  area  of  manufacturing  technology,  two  generic  partg  categories  offered  the 
promise  of  significant  savings  Fan,  compressor,  and  turbine  disks  have  traditionally 
involved  significant  scrap  In  machining  to  final  shape  from  conventional  forgings.  The 
advent  of  GATORIZED  ®  superp las t ic  forging  of  superalloy  and  titanium  disks  resulted  In 
considerable  savings  in  Input  material  due  to  the  Inherent  capability  of  forging  closer 
to  net  shape.  The  GATORIZINC  process  developed  by  Pratt  and  Whitney  Aircraft  takes 
advantage  of  the  phenomenon  of  superplasticity  of  certain  alloys,  where  the  amount  of 
energy  needed  to  deform  the  metal  diminished  by  producing  the  right  structure  and  grain 
size  Figure  2  shows  greater  than  507.  raw  material  savings  in  a  typical  F100  engine  disk 
from  conventional  hanrier  or  press  forging  compared  to  GATORIZING. 

Refinements  to  the  GATORIZING  process  were  made  to  further  reduce  Input  material  and 
reduce  cost  Figure  1  shows  a  407.  reduction  In  input  material  for  nine  F100  components 
progressing  from  prototype  GATORIZED  forgings  to  today’s  production  Much  of  this 
technology  was  developed  by  Pratt  and  Whitney  Aircraft  under  US  Air  Force  Materials 
Laboratory  sponsorship. 

The  second  area  that  has  historically  required  very  high  quantities  of  raw  material 
is  large  structural  engine  cases.  Typically  these  cases  are  made  from  forged  rings  and 
struts  which  require  extensive  machining  and  Joining.  Under  U.S.  Air  Force  sponsorship. 

Pratt  and  Whitney  Aircraft  Initiated  a  manufacturing  technology  program  to  apply  and 
scale  up  conventional  casting  techniques  to  large  cases.  Initially,  individual  struts 
and  rings  were  cast  and  tested  for  structural  adequacy,  and  finally  entire  cases  were 
cast  in  one  piece  as  shown  In  Figures  4  and  5  The  results  of  this  technology  are  being 
incorporated  in  production  engines.  To  date  a  reduction  of  507.  has  been  achieved,  with 
potential  for  even  further  reduction  as  the  technology  continues  to  mature. 

In  1977  when  the  ptn^h  of  cobalt  and  titanium  shortages  were  first  felt,  an  Insnediate 
action  that  was  recognized  was  to  utilize  scrap  material  more  effectively  Traditionally, 
aerospace  scrap  had  been  sold  to  dealers  and  downgraded  for  uses  in  less  critical 
applications  To  keep  scrap  material  within  the  industry,  It  was  necessary  to  segregate 
scrap  material  to  prevent  cross  contamination  and  maintain  chemistry  control,  and  to 
develop  processes  for  degreasing  and  removal  of  cutting  tool  material.  Several  government/ 
Pratt  A  Whitney  Aircraft  sponsored  programs  Involving  both  cast  and  wrought  titanium  and 
cobalt  containing  superallovs  were  initiated  and  carried  through  successfully.  As  an  example, 
high  volume  1 71 1  no  chins  from  FIDO  engine  disks  were  kept  segregated  from  other  scrap,  were 
degreased  and  cleaned,  packaged  and  returned  to  melters  for  reuse.  After  laboratory  and 
engine  tesring.  eighty  percent  of  the  chips  ended  up  in  new  disks  with  as  much  as  1007. 
revert  Figure  6  shows  the  revert  cycle  that  was  developed  and  put  Into  production. 

Another  key  technology  area  that  was  Identified  to  have  significant  potential  for 
reduction  in  strategic  materials  requirements  was  component  life  extension  through 
rejuvenation  and  repair.  Programs  were  Initiated  under  U.S.  Air  Force  Materials  Laboratory 
sponsorship  and  Pratt  and  Whitney  Aircraft  to  rejuvenate  and  restore  to  service  previously 
scrapped  parts  This  not  oily  reduced  the  need  for  new  parts  and  raw  materials,  but  also 
provided  significant  cost  savings  to  customers.  Two  typical  examples  of  parts  that  have 
been  rejuvenated  are  a  first  stage  turbine  vane  and  a  large  structural  case.  Both  parts 
are  of  superalloy  construction,  the  vane  being  cast  and  the  case  fabricated  from  sheet- 
metal  and  forgings.  Vsnes  with  platform  cracks,  leading  edge  erosion,  and  airfoil  cracks 
In  Figure  7  were  subjected  to  hot  Isostatic  pressing  (HIP),  and  weld  repair.  The 
successful  repair  procedure  was  Implemented  In  the  field  early  In  1982  and  Is  saving 
15,000  pounds  (15.910  kg)  of  cobalt  containing  alloy  a  year  as  well  as  an  annual  cost 
savings  of  10  million  dollars. 

The  cases  have  been  resol ut loned ,  weld  repaired,  reaged  and  returned  to  service 
The  rework  cost  on  a  typical  case  is  less  than  107.  of  the  cost  of  a  new  case.  Figure  8 
shows  that  4.288  pounds  (1,950  kg)  of  input  alloy  are  saved  for  each  set  of  three  cases 
which  can  be  rejuvenated  The  largest  part,  a  diffuser  case,  requires  2,820  pounds 
i 1.280  kg)  of  superalloy  to  produce. 

Potentially  the  most  significant  single  program  for  conserving  strategic  elements 
short  of  complete  engine  redesign  is  extension  of  the  useful  life  of  critical  rotating 
parts  through  the  use  of  Retirement  for  Cause  (RFC)  methodology.  The  PWA/USAF  RFC  effort 
started  In  1979  and  could  be  Implemented  as  early  as  1985  In  engine  overhaul  centers. 
Traditionally,  cyclic  life  limited  gas  turbine  engine  components  have  been  retired  from 
service  when  they  reach  an  analytically  determined  lower  bound  life  where  the  first  fatigue 
crack  per  1,000  parts  could  be  expected.  Be  definition,  99.9%  of  these  components  are 
being  retired  prematurely  as  they  have  (as  a  population)  considerable  useful  life  remain¬ 
ing  RFC  is  a  procedure  which  would  allow  safe  utilization  of  tha  full  life  capacity  of 
each  individual  component.  Since  gas  turbine  rotor  components  are  prime  candidates  and 
are  among  the  most  material  Intensive  of  engine  components,  adoption  of  s  RFC  maintenance 
philosophy  could  result  In  substantial  matarlal  savings.  A  study  conducted  on  21  F100 
rotating  parts  showed  that  3,050  short  tons  (2,775  KT)  of  strategic  materials  could  be 
saved  over  the  life  of  the  system  through  the  implementation  of  RFC  methodology  (Table  II). 

A  major  technical  area  being  worked  to  achieve  tne  potential  savings  is  automated  non¬ 
destructive  evaluation.  Computer  driven  systems  such  as  that  shown  in  Figure  9  are  being 
developed  to  enhance  flaw  detection  reliability  and  reduce  inspection  costs. 
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Finally,  the  greatest  savings  In  strategic  materials  will  be  accomplished  when 
improved  engine  designs  are  Implemented  with  >07.  fewer  parts  These  advanced  technology 
engines  will  utilize  new  materials  including  non-metalllc  composites  which  are  designed 
t.'  minimize  our  dependency  on  foreign  sources  Near  net  casting  and  forgings  will  be 
extensively  utilized  Facilities  such  as  the  PWA  disk  facility  under  construction  will 
*>e  designed  to  more  effectively  handle  scrap  and  reduce  recycling  cost.  Components  will 
be  designed  to  meet  stringent  durability  goals  to  maximize  component  life.  Table  III 
compares  the  F100  engine  strategic  materials  to  an  a  ivanced  engine  of  the  1990’s  and 
shows  an  overall  reduction  in  strategic  material  utilization  of  60/1. 

While  most  of  these  efforts  were  initiated  during  the  period  of  strategic  material 
shortages,  their  worth  is  still  apparent  in  cost  savings  even  though  strategic  materials 
ire  sufficiently  available  todav  In  the  event  of  future  interferences  in  the  flow  of 
materials,  they  will  great lv  reduce  the  impact. 


Import  dependency,  % 

Figure  1  Import  dependency  and  sources  of  seven  elements  termed  strategic 


Input  (lb) 

Finished  parts  (lb) 

Titanium 

5440 

798 

Aluminum 

670 

121 

Tantalum 

3 

0.5 

Cotumbium 

145 

31 

Cobalt 

885 

142 

Chromium 

1485 

217 

Nickel 

4504 

619 

Table  I 


Amount  of  strategic  materials  raqulrad  for  an  F100  engine 


Figure 


Cross  sectional  comparison  illustrating  greater  than  507.  material  savings 
achieved  by  application  of  the  GATORIZINC  forging  process  to  a  typical 
FI 00  engine  disk 


Figure  3 


Refinements  to  the  CATORIZINC  process  allow  a  407.  reduction  in  input  material 
on  a  set  of  nine  F100  engine  parts 


Intermediate  compressor  case 


Fabricated  Cast 


Figure  4  Lars*  precision  titanium  castings  save  greater  than  507.  Input  material 

relative  to  cases  fabricated  from  forgings 
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Fabricated  Cast 


Figure  5 


Large  precision  nickel  base  superelloy  castings  use  50X  lees  Input  material 
than  cases  fabricated  from  forgings 


Figure  6 
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Schematic  of  machining  chip  reclamation  process  used  In  the  production  of 
F100  engine  disks 
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Damaged  Ist-stage  vane 


Repaired  vane 


•  Repair  cost  -  30*/*  of  new  part  cost 

•  Annual  alloy  savings  -  35,000  lb 

•  Annual  cost  savings  -  $l0M/yr 


Figure  7- 


Turbine  airfoil  repair  conserve*  strategic  material*  and  reduces  cost 
ownership 
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8  Rejuvenation  and  repair  of  large  nickel  baae  super-alloy  engine  cases  conserves 

strategic  materials 


Tons  saved 


Material 

Al 

Co 

Cr 

Ni 

Ti 

Cb/Ta 

Ti  6-2-4-e 

37 

— 

— 

— 

505 

— 

Waspaloy 

9 

81 

120 

355 

18 

— 

Astroloy 

24 

102 

90 

333 

21 

— 

IN  100 

70 

282 

175 

787 

61 

0.5 

Total 

Total,  all  elements 

140 

445 

385 

1475 

3,050 

605 

0.5 

Table  II: 


Strategic  materials  conservation  potential  for  F100  engine  rotor  part 
Retirement  for  Cause  Program 


Figure  9  Advanced  non-destructive  evaluation  systems  are  key  to  part  life  extension 


Today  LB 

1990’s  LB 

%  saved 

Titanium 

798 

300 

62 

Aluminum 

121 

75 

38 

Tantalum 

0.5 

10 

— 
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31 

2 

94 

Cobalt 

142 

20 

86 

Chromium 

217 

85 

61 

Nickel 

619 

275 

56 
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Table  III 


Fewer  parts  and  advanced  material*  and  manufacturing  methods  reduce  strategic 
materials  by  bOZ  In  advanced  engine* 
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Aluminide  coatings  have  been  in  use  for  some  considerable' time  as  a  means  of 
protecting  nickel  and  cobalt  based  superalloys  from  oxidation  and  hot  corrosion 
attack  in  both  aero  and  industrial  gas  turbines.  Their  practical  usage  however  has 
not  been  achieved  without  problems.  In  examining  the  overall  role  of  coatings  in 
achieving  or  prolonging  component  life,  their  advantages  and  disadvantages  have  to 
be  considered  most  carefully,  especially  as  the  diversity  of  potential  substrate 
alloys  increases.  >The  primary  objective  of  this  paper  la  -thwafnrB-  to  consider  in 
some  detail  the  nature  of  the  difficulties  Incurred  in  the  pack  aluminising  of 
superalloys,  especially  in  terms  of  prolonging  component  life  without  prejudice  to 
performance.  Integrity  and  safety  of  the  engine. 

In  considering  this,  the  paper  will  first  of  all  review  the  objectives  and 
requirements  of  using  aluminide  coatings,  the  processes  currently  commercially 
available,  the  compatabi llty  of  aluminide  coatings  with  various  superalloys 
substrates  as  well  as  the  more  general  question  of  overall  quality  control  of  both 
the  coating  and  the  coated  component.  The  properties  of  coatings  themselves  will 
be  considered  in  terms  of  their  corrosion  resistance,  overall  thermal  and 
structural  stability,  and  effect  on  the  mechanical  properties  of  the  substrate. 
Finally,  the  problems  of  long  term  corrosion  protection  will  be  examined  in  terms 
of  the  practicalities  of  reclaiming  and  recosting  of  ex-service  turbine  parts  with 
view  to  extending  component  life  and  conservation  of  critical  material^ 

I WTROOUCT I  CSC 

Modern  aero  and  industrial  gaa  turbines  are  expected  to  function  for  prolonged 
periods  under  a  wide  variety  of  operational  and  environmental  conditions  with  the 
maximum  degree  of  reliability.  Additionally,  both  operators  and  utilities  expect 
extended  engine  and  component  lives  at  progressively  higher  power  outputs  in  a 
climate  where  increased  engine  firing  temperatures  and  decreasing  fuel  quality  are 
becoming  the  rule  rather  than  the  exception.  As  a  result  of  such  demands,  current 
engine  development  is  aimed  at  improving  efficiency  and  reliability  as  well  as 
extending  component  life  and  reducing  operating  costs.  The  use  of  higher  component 
stresses  and  engine  firing  temperatures  in  combination  with  progressively  poorer 
grade  fuels  leads  to  severe  metallurgical  problems  in  the  selection  of  suitable 
materials  for  prolonged  and  reliable  hot  component  operation. 

Historically,  the  detrend  for  improved  component  life  at  higher  stresses  and 
operating  temperatures  has  been  met  by  alloy  developments  which,  while  leading  to 
significant  Improvements  in  strength,  have  invariably  been  associated  with  poorer 
corrosion  resistance.  Whilst  in  the  age  of  pure  fuels  this  did  not  constitute  s 
serious  problem,  the  poorer  corrosion  resistance  of  these  high  strength  alloys 
could  lead  to  aignificent  reductions  in  component  lives  in  turbines  which  are  run 
on  low  grade  fuels,  or  in  environments  where  agressive  species  may  be  present  in 
the  turbine  air  intake  supply. 

Ouring  the  past  decade  further  alloy  developments  have  taken  place  in  an  attempt  to 
improve  corrosion  resistance  without  loss  of  properties  mainly  by  introducing 
higher  chromium  levele.  In  the  case  of  wrought  nickel  base  alloys,  corrosion 
resistance  variants  of  Hlmonic  SOA,  90  and  105  have  emerged,  vis.  Nimonic  II,  and 
101,  while  in  the  field  of  cast  alloys  1H71I  and  IH939  are  notable  in  having 


similar  strength  but  improved  corrosion  resistance  to  the  well  known  workhorse 
alloy  1N71).  Some  improvements  have  also  been  achieved  in  the  field  of  cobalt 
based  alloys,  FSX414  being  a  weldable,  corrosion  resistant  derivative  of  X40, 
Althought  such  developments  are  highly  desirable  from  the  point  of  view  of 
improving  component  lives  in  agressive  environments,  components  tend  to  be  much 
more  expensive  to  produce.  This  is  due  to  the  corrosion  resistant  alloys  being 
r  icher  in  expensive  alloying  elements  particularly  chromium,  as  well  as  often 
requiring  more  sophisticated  and  costly  heat  treatments  to  develop  their 
properties.  As  a  result  of  this,  and  in  an  attempt  to  conserve  strategic 
materials,  there  has  been  a  movement  to  resort  to  the  use  of  corrosion  resistant 
protective  coatings  on  less  sophisticated  and  hence  less  expensive  alloys.  Whilst 
the  cost  of  coating  can  be  significant  in  itself,  it  is  often  the  case  that  In 
combination  with  a  cheaper  basic  alloy  the  required  component  life  and  performance 
can  be  achieved  at  an  overall  lower  cost  to  the  user.  In  situations  where  an 
improvement  in  life  is  achieved  the  overall  financial  benefit  to  the  user  is 
further  improved. 

During  the  past  decade  extensive  developments  and  improvements  have  also  been  made 
in  the  field  of  corrosion  resistant  coatings.  As  a  result  commercial  coatings  are 
currently  available  in  a  wide  variety  of  compositions  and  forms  which  are  applied 
to  the  substrate  concerned  by  an  equally  wide  variety  of  processes.  Essentially 
these  coatings  can  be  divided  into  two  groups  which  have  been  designated  as 
reaction  or  diffusion  type  coatings  and  overlay  coatings.  In  the  first  type,  the 
coating  is  produced  by  a  controlled  chemical  reaction  with  the  surface  of  the 
component  to  be  protected.  Overlay  coatings  on  the  other  hand  are  produced  by 
deposition  of  the  protective  covering  by  a  variety  of  techniques  such  as 
sputtering,  physical  vapour  deposition  (PVD),  argon  shrouded  plasma  spraying  (ASPS), 
and  low  pressure  plasma  spraying  (L.PPS)  before  being  partially  diffused  into  the 
substrate  by  means  of  a  suitably  chosen  heat  treatment.  Whilst  the  use  of  coatings 
is  clearly  advantageous  from  the  point  of  view  of  protection  of  components  from 
agressive  species  in  the  turbine,  there  are  features  of  the  processes  Involved 
which,  if  not  suitably  accounted  for,  could  lead  to  reductions  in  component  lives. 
Whilst,  as  already  noted  above,  there  are  a  great  number  of  commercially  available 
coatings  and  coating  processes  currently  available  for  the  protection  of  hot  gas 
turhine  components,  it  is  the  intention  of  this  paper  to  concentrate  on  those 
produced  by  reaction  or  diffusion  type  processes,  in  particular  the  aluminidea. 

Aluminide  protective  coatings  have  been  in  use  on  nickel  and  cobalt  based 
super  a  1 loya  in  gas  turbines  with  a  considerable  degree  of  success  since  the  1950's. 
As  a  result  a  considerable  amount  of  experience  has  been  gained  in  service 
applications.  Initially  this  was  primarily  in  the  aero  engine  field  where  short 
lives  and  high  temperatures  prevailed,  the  presence  of  the  coating  enabling  the 
design  life  to  be  achieved  in  situations  where  oxidation  and  hot  corrosion  was  life 
limiting  in  the  engine.  As  operating  temperatures  increased  in  industrial 
appl i cat  ions,  the  use  of  aluminide  coatings  also  became  necessary  in  order  that 
blade  design  lives  could  be  achieved  and  in  certain  circumstances  even  extended. 

In  these  situations  blade  lives  of  20,000  hours  or  greater  were  expected  compared 
with  up  to  1000  hours  in  the  case  of  the  aero  engines.  Whilst  the  use  of  aluminide 
coatings  in  these  applications  was  generally  advantageous  a  number  of  problems 
emerged  in  their  use.  In  considering  the  use  of  aluminide  type  coatings  in 
practice  both  t  ■’  advantages  and  disadvantages  have  to  be  considered  for  each 
particular  service  application. 

As  far  as  advantages  are  concerned,  ti.e  following  points  are  relevant:- 

1.  The  use  of  coatings  potentially  prolongs  the  life  of  the  component  in  the 
engine  and  as  such  conserves  both  materials  and  resources.  This  means  that 
in  the  long  term  fewer  engine  seta  of  blading  should  be  required  over  the  total 
life  of  the  turbine. 

2.  The  use  of  coatings  allows  cheaper  and  less  corrosive  resistant  materials  to 
be  used  thus  conserving  strategic  materials. 

1.  The  use  of  coatings  permits  the  use  of  cheaper  fuel  without  any  penalty  to  the 
life  of  the  component. 

4.  The  use  of  coatings  permits  the  recovery  and/or  recycling  of  parts,  by 
limiting  corrosion  damage  to  the  top  part  of  the  coating  only. 

5.  All  in  all,  the  use  of  coatings  results  In  significant  economic  savings  in 
materials,  resources  and  fuels  as  well  as  limiting  the  exploitation  of 
strategic  materials,  i.s.  their  use  is  cost  effective. 

Whilst  the  above  indicates  that  there  are  clear  economic  and  technical  advantages 
in  using  coatings,  there  are  a  number  of  potential  disadvantagesi- 

1.  The  coating  process  adds  to  the  cost  of  prducing  the  final  component  in 

terms  of  the  coating  process  used,  e.g.  platinum  aluminide  coatings  are 
significantly  more  expensive  than  simple  aluminide  coatings.  Whilst  there  is 
initially  an  added  cost,  this  may  be  more  than  recovered  by  the  expected 
extension  in  component  life. 


2. 


The  coating  process  may  prejudice  material  properties  leading  to  a  reduction 
in  component  life. 


1.  The  use  of  coatings  necessitates  the  use  of  expensive  reheat  treatment  of 
components  to  achieve  the  required  specified  properties. 

4.  The  presence  of  defects  in  the  coating  can  affect  component  and  hence 
turbine  Integrity. 

Considered  as  a  whole,  however  the  advantages  generally  outweigh  the  disadvantages 
since  most  disadvantages  can  largely  be  overcome  by  the  use  of  suitable  post 
coating  heat  treatments  and  quality  control  measures. 

The  overall  aim  should  therefore  be  to  use  the  cheapest  and  moat  effective  process 
appropriate  to  the  particular  turbine  application  being  considered  consistent  with 
achieving  the  maximum  degree  of  protection  without  compromising  the  mechanical 
properties  of  the  component  or  prejudicing  the  overall  component  life  expectancy. 
An  awareness  of  the  various  coating  processes  and  their  effect  on  material 
properties  is  therefore  Important.  This  will  be  considered  in  this  paper 
particularly  from  the  point  of  view  of  aluminlde  coatings. 

COATING  PROCESSES 


The  commercial  processes  currently  most  widely  used  for  the  application  of 
aluminide  coatings  to  superalloy  substitutes  are  those  of  chemical  vapour 
deposition  (CVD)  and  pack  cementation  (PC). 

Chemical  Vapour  Deposition  (CVD) 

In  the  classical  CVD  technique  the  aluminide  deposits  are  generally  produced  in 
reactors  into  which  an  appropriate  gas  mixture  is  Introduced  and  where  only  the 
components  to  be  coated  are  heated  to  the  required  temperature.  Both  gas  pressure 
and  flow  rate  are  controlled  to  ensure  that  the  desired  coating  is  obtained  and 
that  the  reaction  by-products  are  carried  away  from  the  vicinity  of  the  components 
being  coated.  The  actual  coating  is  produced  by  either  chemical  decomposition 
(pyrolysis)  of  the  gaseous  phase  or  chemical  reactions  between  the  gaseous  phase 
and  the  component  substrate.  The  composition  of  the  gas  phase  used  depends  largely 
on  the  type  of  coating  required  but  can  be  composed  of  sttal  halides,  metal 
carbonyls,  aetal  hydrides  or  complex  organic-metallic  compounds.  In  the  CVD 
process  adequate  control  of  parameters  such  as  substrate  temperature  and  gas 
compositions,  pressure  and  flow  rate  ate  clearly  essential  if  suitable  coating 
thicknesses  are  to  be  achieved  on  different  superalloy  substrates.  In  practice  the 
CVD  technique  is  widely  used  for  well  defined  applications  and  series  production  of 
similar  pieces  such  as  coatings  on  turbine  blades,  cutting  tools  e*c. 

Pack  Cementation  (PC) 

In  the  pack  cementation  process  the  components  to  be  coated  are  placed  in 
semi-permeable  boxes  filled  with  a  powder  mixture  containing  the  metal  or  an  alloy 
of  the  metal  to  be  deposited  and  a  suitable  halide  which  is  volatile  at  the 
temperature  at  which  the  coating  is  formed.  During  this  process  the  container  pack 
and  components  embedded  in  the  pack  are  held  at  the  same  temperature,  surrounded  by 
an  atmosphere  of  hydrogen  to  minimise  oxidation.  Unlike  CVD,  the  gas  flow  rates  in 
the  pack  cementation  process  are  almost  sero.  In  one  particular  variation  of  this 
process  coating  occurs  exclusively  through  the  vapour  phase  with  no  direct  contact 
between  the  pack  and  the  component. 

Although  the  chemistry  of  the  coating  process  is  complex,  the  essential  processes 
which  occur  are  as  follows.  At  the  coating  tesq>erature  interaction  occurs  between 
the  aetal  and  halide  in  the  pack,  resulting  in  the  formation  of  of  a  metallic 
halide  which  in  turn  reacts  with  the  surface  of  the  component  being  coated.  The 
metal  resulting  from  this  reaction  diffuses  into  the  substrate  with  a  consequential 
lowering  of  its  activity  at  the  substrate/pack  interface.  This  transfer  reaction 
between  the  pack  and  the  substrate  continues  during  the  coating  cycle,  with  an 
equilibrium  condition  between  the  gaseous  phase  in  the  pack  and  the  substrate  being 
established.  Coatings  produced  by  this  process  may  be  based  on  packs  containing 
silicon,  chromium  or  aluminium  or  in  certain  cases  a  combination  of  these  elements 
(1).  In  the  case  of  aluminide  coatings  produced  on  nickel  and  cobalt  based 
superalloys,  interaction  between  the  aetal  applied  and  the  substrate  is  a  necessary 
part  of  the  production  of  the  coating,  this  consisting  essentially  of  N1A1  and  CoAl 
respectively  on  these  alloys. 

ALUWIB1DB  COATING  Of  8UPERALLOVS 

Nickel  and  cobalt  based  superalloys  currently  used  in  advanced  gas  turbine  plant 
often  operate  in  agresslve  environments  and  as  such  require  to  be  protected  from 
oxidation  and  hot  corrosion  attack  in  service.  This  is  achieved  by  the  use  of 
coatings,  often  of  the  aluminide  type  (eg  NiAl  or  CoAl),  these  being  applied  using 
various  pack  cementation  processes  similar  to  that  described  above.  The  morphology 
of  the  coatings  produced  is  dependent  on  a  number  of  factors  the  most  important  of 
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which  is  the  type  of  process,  the  coapoeition  of  the  pack  and  the  coaipoaition  and 
atructure  of  the  substrate  material.  Apart  froai  variationa  in  the  proceaa  type  and 
eubatrate  material,  the  overall  foraiation  of  the  coating  ia  largely  governed  by  the 
aluminium  activity  of  the  pack,  (2,3). 

In  proceaaea  where  the  aluminium  activity  of  the  pack  ia  low,  the  base  element  of 
the  alloy,  viz  nickel  or  cobalt  depending  on  the  superalloy  substrate,  diffuses 
preferentially  through  the  coating  being  formed.  This  outward  diffusion  is  a 
character istic  of  a  low  activity  pack  cementation  process.  On  the  other  hand,  when 
the  aluminium  activity  of  the  pack  is  high  preferential  diffusion  of  aluminium  from 
the  pack  through  the  aluminide  layer  being  formed  and  into  the  substrate  occurs. 
This  type  of  inward  diffusion  is  thus  a  characteristic  of  a  high  activity  pack 
cementation  process. 

Aluminide  coatings  produced  on  superalloy  substrates  by  these  processes  do  not 
exhibit  the  ssm  resistance  to  oxidation  and  hot  corrosion  attack.  In  consequence, 
it  may  be  necessary  to  carefully  aelect  the  optimum  aluminizing  process/substi ate 
combination  for  specific  turbine  service  environments.  In  this  respect  the  overall 
coat ing/aubstrate  stability  la  important  especially  in  applications  where  extended 
periods  of  operation  are  envisaged,  viz  >  20,000  hours.  A  comparison  of  the 

potential  problems  encountered  in  the  aluminiaation  of  nickel  and  cobalt  based 
superalloys  using  low  and  high  activity  processes  is  detailed  below.  Specific 
problems  pertaining  to  the  aluminiaation  of  carbide  fibre  reinforced  and  oxide 
disperstoned  strengthened  (ODS)  alloys  as  well  as  directionally  solidified  and 
single  crystal  materials  are  alao  discuased. 

NICKEL  BASE  ALLOYS 

Low  Activity  Aluminide  Coatings 

As  previously  described,  the  foraution  of  aluminide  coatings  on  nickel  base 
superalloys  in  pack  cementation  processes  in  which  the  aluminium  activity  is  low, 
occurs  as  a  result  of  the  outward  diffusion  of  nickel.  In  consequence,  the 
original  substrate  surface  ia  finally  located  within  the  coating  itself.  As  a 
result,  the  coating  which  is  torswd  at  between  1000°C  and  1100°C,  exhibits  a  two 
zone  atructure,  each  zone  lying  on  either  side  of  the  original  substrate  surface  as 
shown  in  Pig.  la. 

The  outer  zone  consists  of  NiAl,  containing  various  alloying  elements  in  solid 
solution  which  have  diffused  together  with  nickel  from  the  substrate  slloy  during 
formation  of  the  coating.  The  internal  zone,  on  the  other  hand,  consists  of  NiAl 
containing  various  precipitates  formed  from  those  elements  in  the  substrate 
material  which  are  insoluble  or  lncompletly  dissolved  in  NiAl.  As  a  result  of 
diffusion  of  nickel  from  the  substrate  to  the  coating,  the  underlying  zone  becomes 
denuded  in  nickel  and  enriched  in  various  other  substrate  alloying  elements, 
especially  aluminium.  This  leads  to  the  formation  of  NiAl  -phase.  A  further 
character ist ic  of  these  coatings  is  their  low  aluminium  content,  which  varies  by 
very  little  across  the  whole  of  the  NiAl  coating  thickness.  Due  to  this  latter 
factor  these  coatings  are  held  to  be  particularly  structurally  stable  in  service. 
Whilst  the  low  activity  aluminide  coatings  are  generally  succesful  in  protecting 
components  from  oxidation  and  high  temperature  corrosion  attack,  certain  problems 
can  arise  which  may  affect  their  potential  performance.  Foreign  particles  on  the 
surface  of  the  component  to  be  coated  will,  as  described  above,  be  incorporated 
into  the  coating  in  the  position  of  the  original  metal  surface.  These  will  not 

generally  affect  the  performance  of  the  coating  provided  that  they  do  not  occur  in 

quantities  which  might  result  in  local  delamination  of  the  coating  between  the 
first  and  second  zone.  It  is  therfore  important  to  ensure  that  the  substrate 
material  is  as  clean  aa  possible  prior  to  the  coating  operation.  Contamination  of 

the  coating  can  also  result  from  the  cementation  pack  itself.  This  generally 

occurs  in  the  external  zone  of  the  coating  and  in  the  case  of  contamination  due  to 
metallic  inclusions  from  the  pack,  the  oxidation/corrosion  behaviour  of  the  coating 
may  be  considerably  modified  (4).  Finally  in  alloys  which  are  particularly  rich  in 
chromium  and  certain  other  alloying  elements,  the  internal  coating  zone  may  become 
excessively  brittle  leading  to  delamination  of  the  coating  during  service. 

High  Activity  Aluminide  Coatings 

In  the  high  activity  pack  cementation  processes,  the  nickel  aluminide  coating  is 
formed  by  diffusion  of  aluminium  into  the  component  substrate.  As  a  result  of  this 
the  coating  is  formed  below  the  original  surface  of  the  component.  Furthermore 
this  aluminisatlon  process  is  carried  out  at  a  lower  temperature  than  in  the  low 
activity  process,  usually  in  the  range  700°C  to  950°C.  Initially  the  coating 
consists  of  Ni2Al.,  the  desired  NiAl  atructure  being  formed  by  a  post  coating 
diffusion  treatment  carried  out  in  the  temperature  range  1050  C  to  1200  C.  The 
coatings  thus  obtained  eahlblt  a  high  aluminium  gradient  through  the  NiAl  layer  and 
are  reported  to  degrade  during  high  temperature  utilisation  due  to  lnterdiffusion 
effects  with  the  substrate,  (S). 

The  Ni-Alj  layer  formed  during  the  alumlniaing  process  contains  all  of  the  elements 
in  the  substrate  material  either  in  solid  solution  or  as  precipitates,  pre-existing 
in  the  slloy  ot  which  haws  formed  during  the  aluminising  treatment.  Transformation 
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of  the  initial  NijAl,  coating  to  the  final  NiAl  form  during  the  post  coating 
diffusion  heat  treatment  is  a  complex  process  Involving  inward  diffusion  of 
aluminium  in  the  outer  coating  layers  and  outward  diffusion  of  nickel  from  the 
substrate  through  the  inner  coating  layer,  rig.  lb.  This  process  results  in  the 
coating  exhibiting  three  distinct  xones.  The  outer  zone  consists  of  N1A1  which 

contains  various  precipitates  either  from  the  original  substrate  or  which  have  , 

formed  during  the  coating  and  subsequent  diffusion  treatment,  together  with 

elements  from  the  substrate  material  held  in  solid  solution.  The  internal  region 

formed  by  alummislng  of  the  subjacent  alloy,  consists  of  two  regions:  one  close  to 

the  alloy  similar  to  the  internal  zone  of  the  low  activity  process,  and  the  other 

corresponding  to  the  low  activity  outer  coating  zone. 

Since  the  composition  of  the  external  layer  of  high  activity  coatings  is  strongly 
dependent  on  the  substrate  composition,  so  must  be  the  ox i dat lon/hot  corrosion 
characteristics.  In  certain  Instances  the  corrosion  resistance  may  in  fact  be 
unsatisfactory,  particularly  if  the  substrate  material  contains  titanium  carbides 
(4,6).  Problems  may  also  result  from  the  use  of  high  activity  coatings  on  substrate 
material  containing  massive  carbide  precipitates,  particularly  of  the  MC-type,  Pig. 

2.  The  presence  of  such  features  not  only  affects  the  coating  continuity  but  xwy 
also  provide  sites  for  preferential  oxidation  and/or  corrosion  attack  (4).  Unlike 
low  activity  pack  processes,  the  presence  of  contaminants  on  the  component  surface 
prior  to  coating  or  due  to  pick  up  from  the  pack,  are  less  problematical  in  high 
activity  aluminide  coatings. 

finally,  whilst  Kirkendall  porosity  is  a  significant  feature  of  pack  aluminised 
nickel,  no  effect  has  been  observed  in  pack  aluminide  coatings  on  superalloys 
produced  by  either  high  or  low  activity  pack  cementation  processes. 

COBALT  BASE  ALLOTS 

In  the  case  of  cobalt  base  superalloys  aluminide  coatings  can  in  principle  be 
applied  by  both  high  and  low  activity  processes.  The  thermal  cycles  associated 
with  the  aluminising  treatments  are,  on  the  whole,  generally  longer  in  duration  or 
conducted  at  higher  temperatures  than  those  used  for  nickel  base  alloys. 

The  protective  coating  in  this  class  of  alloys  is  the  cobalt  aluminide  CoAl.  As  in  \ 

the  case  of  the  nickel  base  alloys  described  above  the  CoAl  will  contain  substrate 
elements  both  in  solid  solution  as  well  as  in  the  form  of  precipitates.  The 
significant  difference  in  the  structure  of  aluminide  coatings  on  cobalt-base  alloys 
is  the  presence  of  a  more  or  less  continuous  layer  of  large  chromium  and/or 
tungsten-rich  carbides  between  the  substrate  and  coating  Itself,  fig.  1.  This  may 
lead  to  spalling  of  the  coating  in  thick  deposits  or  under  thermal  fatigue 

conditions  in  service.  In  certain  commercial  processes  such  as  CODEP  Oil,  packs  *■ 

with  relatively  high  aluminium  contents  are  used  which  minimise  the  formation  of 

the  intermediate  carbide  layer  by  permitting  a  considerably  reduced  thermal  cycle  4 

to  be  used  during  coating.  In  general  however  low  activity  processes  are  preferred 

for  the  aluminide  coating  of  cobalt  base  alloys.  * 
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Directions!!/  Solidified  and  Single  Crystal  Alloys 

Mo  significant  problems  have  been  encountered  in  the  pack  aluminising  of 
directionally  solidified  superalloys,  since  in  general  the  substrate  compositions 
are  similar  to  their  equiaxed  counterparts.  In  the  case  of  alloys  containing 
hafnium  additions  sosm  reduction  in  the  oxidation/corrosion  resistance  of  high 
activity  coatings  may  occur  due  to  the  presence  of  hafnium-rich  precipitates  in  the 
outer  coating  tone. 

The  absence  of  major  segregation  effects  and  coarse  carbide  precipitates  is  a 
positive  advantage  as  far  as  aluminide  coating  of  single  crystal  superalloys  is 
concerned.  This  advantage  is  realised  irrespective  of  whether  the  coatings  are 
applied  using  high  or  low  activity  processes. 
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In  principle,  the  aluminide  coating  of  fibre  reinforced  eutectic  superalloys  is 
only  possible  ueing  low  activity  pack  cementation  processes,  Pig.  4.  The  use  of 
high  activity  processes  would  lead  to  very  unsatisfactory  aluminide  coatings  due  to 
the  very  poor  oxldat ion/cor roslon  resistance  of  the  HfC,  TaC  or  NbC  fibres  in  the 
outer  tone  of  the  costing  (•) . 


The  improved  high  temperature  properties  offered  by  oxide  dispersion  strengthened 
superalloys  are  of  particular  interest  in  gas  turbine  applications  where  extended 
component  life  times  are  required  at  very  high  temperatures.  It  is  anticipated 
however  that  protective  coatings  will  be  necessary  if  the  full  potential  of  these 
materials  is  to  be  achieved.  However  serious  problems  have  been  encountered  with 
regard  to  the  chemical  and  mechanical  stability  of  coatings  on  alloys  containing 
fine  oxide  particle  diepersions. 
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In  early  teats  on  aluainide  and  duplex  chromium  coatings,  void  formation  and  rapid 
substrate  lnterdif fusion  effects  led  to  preaature  coating  spallation  and  failure. 
This  type  of  premature  failure  mode  has  continued  to  persist  despite  the 
introduction  of  nee  coating  systems  such  as  overlays  and  duplex  overlay/diffusion 
systems.  Glasgow  and  Santoro  (7)  noted  that  the  substrate  composition  was  clearly 
important  in  that  the  tendency  amongst  oxide  dispersion  strengthend  alloys  to 
become  porous,  decreased  with  the  alloys'  increasing  oxidation  resistance.  Boone 
et  al  (8)  have  recently  investigated  this  in  further  detail  arriving  at  the 
following  conclusions: 

1)  The  thickness  and  structure  of  aluainide  coatings,  particularly  the  inner 
coating  zone  on  00S  alloys,  is  a  strong  function  of  the  composition  of  the 
substrate  alloy.  Increased  aluminum  levels  and  possibly  refractory 
strengthening  elements  appear  to  be  beneficial. 

2)  The  structure  and  stability  of  aluainide  coatings  on  ODS  alloys  are  functions 
of  both  the  coating  type  and  deposition  process. 

J)  Coating  void  formation  and  the  resulting  spallation  occur  in  the  inner  coating 
zone  and  are  delayed  but  not  prevented  by  the  larger  more  dispersed  zone 
produced  by  low  activity  coatings  on  alloys  with  a  high  aluminium  content. 

4)  For  all  OOS  alloys  and  aluainide  coatingb  studied,  the  coating  systems 

appeared  to  have  insufficient  protectivity  to  match  the  available  amchanical 
properties.  The  lack  of  stability  was  manifested  both  by  void  formation  in 
the  coating  and  resulting  spallation  and  by  aluminum  diffusion  into  the 
substrate  (8) , 

Clearly  there  are  significant  problems  associated  with  the  coating  of  the  oxide 
dispersion  strengthened  superalloys  which  must  be  overcome  if  the  full  potential  of 
these  materials  is  to  be  realised. 

Alternative  Processes 

In  addition  to  the  pack  cementation  and  chemical  vapour  processes  described  above  a 
variety  of  other  methods  are  available  for  producing  aluminide  coatings  on 
superalloys. 


In  this  process  a  mixture  of  powders  of  suitable  composition  is  applied  to  the 
component  surface  by  painting,  spraying  or  dipping.  The  components  are  then 
subjected  to  a  suitable  heat  treatment  during  which  the  protective  surface  coating 
is  produced  by:- 

1.  Melting  of  the  powder  mixture  accompanied  by  superficial  dissolution  of  the 
substrate  with  the  consequential  formation  of  a  multiphase  coating  by 

di  f  fusion. 

2.  Chemical  reactions  in  the  slurry  occurring  concurently  with  inter di f f us  ion 
with  the  substrate. 

This  latter  process  is  known  as  the  reactive  slurry  process. 

Dipping 

This  process  consists  of  dipping  the  components  to  be  coated  into  a  liquid  metal 
bath  containing  the  elements  to  be  deposited.  The  desired  coating  is  formed  by 
diffusion  either  in  the  bath  itself  or  during  a  subsequent  heat  treatment  cycle. 

Electrolysis  in  Fused  Salts 

In  this  process  the  component  to  be  coated  is  Immersed  in  a  bath  of  molten  alkali 
flour  ides  held  at  between  800°C  and  1200°C  under  an  inert  atmosphere.  Coating  is 
effected  by  electrolysis  in  the  molten  bath  with  the  metal  to  be  deposited  acting 
as  the  anode  and  the  component  to  be  coated  as  the  cathode.  During  depoaitton  the 
metal  from  the  anode  interacts  with  the  component  to  form  the  coating  required. 

Whilst  the  above  procesaes  can  be  used  to  produce  aluminide  and  other  metallide 
coatings  on  nickel  and  cobalt  base  superalloys  they  are  not  as  widely  used  as  the 
high  and  low  activity  pack  cementation  processes  already  described  in  detail  above. 

COMMERCIAL  PB0CE8BI8 


Apart  from  the  high  and  low  activity  pack  cementation  variants  already  discussed, 
commercial  pack  alumtnisinq  processes  can  be  divided  into  two  basic  categories,  vis 
single  stage  or  direct  aluminising  processes  and  the  more  complex  two  stage 
aluminizing  processes. 


Direct  aluminisat ion  treatment*  were  amongst  the  earliest  processes  developed  for 
the  corrosion  protection  of  superalloy  components.  Amongst  the  low  activity  types 
commercially  available  were  the  CODEP  and  HI-15  processes  introduced  between 
1964-66  while  high  activity  alusiinislng  processes,  such  as  PWA7J  were  introduced  in 
1969.  Recently  a  new  single  stage  pack  cementation  process  has  been  developed 
involving  the  s isiu  1  taneous  codeposition  of  chromium  and  aluminium  (1,9). 

Two  Stage  Alumln isat ion 

Two  stage  a  1 umi n i sa t ion  processes  represent  a  more  recent  development  In  the 
corrosion  protection  of  gas  turbine  components,  essentially  consisting  of  a 
iret reatment  or  ptedepos i t ion  process  conducted  prior  to  the  final  alumlnlsing 
stage ■ 

Typical  pretreatments  used  prior  to  pack  aluminising  include  chromising, 
particularly  of  low  chromium  containing  substrate  alloys  such  as  IN100  i.e.  typical 
alumina  formers.  Other  chromising  treatments  are  also  used,  such  as  HC12  and 
PWA70 ,  these  being  designed  to  avoid  the  formation  of  -chromium  precipitates  in 
the  final  coating.  Some  chromising  treatments  such  as  DP24  and  Elcoat  240  actually 
lead  to  the  formation  of  a  layer  of  -chromium.  Finally,  pretreatments  are  also 
known  in  which  other  elements  such  as  tantalum  are  co-deposited  with  chromium  prior 
to  the  final  pack  aluminising  treatment  (10). 

In  the  case  of  pt edepos i t ion  prior  to  pack  aluminising,  pure  metals  such  as 
platinum  and/or  rhodium  have  been  used  as  well  as  deposits  of  certain  nickel  or 
cobalt  based  aloys.  Perhaps  the  best  known  of  the  commercial  processes  making  use 
of  the  pr edepos 1 1 ion  of  platinum  prior  to  pack  aluminisat ion  are  1 *DC2  and  RT22 
(11).  In  these  coatings  an  e lect r odepos t ted  platinum  layer,  5  to  10  microns  in 
thickness,  is  often  partially  diffused  into  the  substrate  at  a  temperature  in  the 
range  1000°C  to  1050°C  prior  to  the  final  pack  aluminising  treatment.  Depending  on 
the  thickness  of  the  platinum  deposit  and  the  aluminising  conditions  applied  the 
final  coating  structure  may  consist  of  either 

1)  a  continuous  external  sone  of  PtAl,  approximately  10  microns  in  thickness 
overlaying  a  70  to  80  micron  thick  lone  ofp-phase  (NiPtAl)  . 

2|  a  basic  coating  of  P  -phaa«  the  outer  part  of  which  contains  PtAIj  precipitate* 

3)  a  coating  consisting  solely  of P -phase  containing  platinum  In  solid  solution. 

The  oxidation  and  corrosion  resistance  of  these  platinum  alumlnide  coatings  has 
been  shown  to  be  markedly  superior  to  that  of  the  simple  alumlnidea  (12).  This 
together  with  the  fact  that  they  exhibit  excellent  structural  stability  makes  their 
application  in  industrial  t  jrbinea  particularly  attracMve  where  components  lives 
in  excess  of  10,000  hours  are  required  (11,14). 

Studies  are  currently  in  progress  on  coatings  in  which  corrosion  resistant  nickel 
and  cobalt  based  alloys  are  predeposited  using  sputtering,  PVD  end  plasms  spraying 
techniques  prior  to  final  pack  aluminising  (15).  Whilst  tests  on  some  of  these 
combinations  are  providing  Interesting  and  promising  results,  there  are  no 
coaaercial  coatings  of  this  type  currently  evallable. 

PRACTICAL  PROCESSING  PROBLEMS 

Whilst  there  ere  many  practical  problems  associated  with  the  alumlnide  coating  of 
gaa  turbine  components  two  of  particular  Importance  are  considered  here,  vis,  (a) 
selective  coating  of  specific  areas  of  components  (masking)  and  (b)  coating  of 
cooled  bladea. 

Mask tng 

The  masking  of  areas  of  gas  turbine  components  which  are  not  to  be  coated  during 
the  aluminising  treatment  is  effected  by  simply  painting  the  areas  concerned  with  a 
refractory  slurry  a.g.  »r0,.  This  process  is  most  successful  in  high  activity 
packs  where  the  aluminising  treatment  la  carried  out  at  relatively  low 
temperaturee. 

In  low  activity  packs  aucceesful  masking  of  components  la  much  more  difficult  to 
echieve  due  primarily  to  the  higher  temperatures  required  by  this  procsss. 

Interact  ions  occur  betwssn  ths  refractory  powder  slurry,  tht  supsralloy  substrate 
and  ths  peck  powder  with  ths  result  that  some  alumlnide  coating  occurs  in  ths 
masked  areas.  Efficient  masking  systems  have  however  been  developed,  for  use  with 
ths  low  activity  aluminids  process,  using  neutral  alloy  powder  mixtures  tailored  to 
match  the  composition  of  the  superalloy  to  be  coeted.  The  actual  details  of  ths 
masking  procedures  differ  from  one  processor  to  another  and  may  have  to  be  modified 
to  auit  the  particular  component  being  coated. 

One  process  is  based  on  a  system  of  building  up  successive  mask-coatings  by 
l  repeated  dipping  to  obtain  a  protective  shell.  Ih  this  process  ths  first  layers 


cons i *t  of  a  mixture  which  is  neutral  with  respect  to  the  composition  of  the 
superalloy.  The  final  layers  are  almost  pure  chromium  which,  when  sintered,  become 
the  mechanically  resistant  part  of  the  protective  shell. 


Another  commonly  used  comercial  process  consists  of  placing  turbine  blade  roots  in 
a  can  filled  with  an  appropriate  masking  agent  and  then  placing  the  whole  assembly 
into  the  peek  for  the  alumlnising  treatment.  In  processes  making  use  of  vapour 
phase  aluminisation  masking  can  readily  be  achieved  Dy  covering  the  areas  required 
with  a  metallic  sheet. 

Coating  of  Cooled  Blades 

It  has  been  well  establised  that  in  turbines  using  cooled  blades  in  agressive 
environments,  the  long  small  diameter  (<0.6mm)  holes  of  the  internal  cooling 
passages  must  also  be  protected.  The  use  however  of  conventional  pack  cementation 
processes  in  meeting  this  objective  faces  several  serious  problems.  Not  only  are 
there  great  difficulties  in  feeding  the  reactants  through  the  cooling  channels  but 
also  in  removing  the  pack  mixture  after  the  coating  treatment.  Obstruction  of  the 
cooling  holes  must  be  avoided  at  all  costs  since  it  can  lead  to  blade  failures  in 
service  due  to  local  overheating  effects.  This  is  most  likely  to  arise  in  the  case 
of  low  activity  pack  cementation  processes  where  the  high  pack  operating 
temperature  will  favour  sintering  of  the  pack  powder.  Furthermore  in  this  process 
the  formation  of  the  N1A1  layer  by  the  outward  diffusion  nickel  from  the  substrate 
favours  the  embedding  of  pack  particles  in  the  coating,  as  well  as  leading  to  a 
reduction  in  the  diameter  of  the  cooling  holes  themselves. 

In  high  activity  processes,  such  as  PWA73  the  pack  temperature  is  much  lower  and  as 
such  sintering  of  the  pack  powder  in  the  blade  cooling  passages  would  not  be  a 
problem.  Moreover  the  formation  of  the  coating  by  the  inward  diffusion  of 
aluminium  is  less  likely  to  lead  to  entrapment  of  pack  particles  in  the  coating 
itself.  Whilst  there  are  clear  advantages  in  using  the  high  activity  processes 
from  the  cooling  passage  blocking  point  of  view  this  process  is  no  better  as  far  as 
efficient  coating  of  these  cooling  passages  is  concerned.  Aluminide  deposition  by 
a  vapour  or  vacuum  pack  cementation  My  lead  to  more  efficient  corrosion  protection 
of  blade  cooling  channels. 

A  process  has  recently  been  developed  in  which  the  substrate  to  be  coated  is 
isolated  from  the  powder  mixture.  During  the  treatment  the  powder  generates  a 
metal  carrying  gaseous  species  within  the  coating  chamber.  These  species  then 
reach  the  substrate  by  gaseous  diffusion.  The  characteristic  of  the  gaseous 
transport  agent  required  by  this  type  of  process  is  called  ‘throwing  power*.  It  is 
related  to  the  ability  to  deposit  aluminium  on  internal  surfaces  which  then 
interacts  with  the  base  material  to  form  the  required  aluminide  coating.  Various 
transport  agents  have  been  evaluated  and  their  relative  deposition  rate  measured. 

It  has  been  found  that  complex  halides  of  aluminium  such  as  aluminium  fluoride  and 
alkali  metals  such  as  sodium,  have  sufficient  throwing  power  (16). 

A  novel  method  of  simultaneously  metallising  the  Internal  and  external  surfaces  of 
turbine  blades  has  been  developed  by  the  National  Gas  Turbine  Establishment  and 
Fulmer  Research  Institute,  (17,  18),  In  this  technique  the  components  to  be  coated 
are  placed  in  a  retort  separate  from  a  near -convent  tonal  coating  pack  which 
consists  of  an  aluminium  source,  a  halide  activator  and  an  inert  diluent.  The 
retort  is  heated  to  850°C  and  the  pressure  is  then  cycled  by  evacuating  and 
re-filling  with  argon.  Pressure  cycle  frequency  may  be  in  the  range  of  up  to  about 
ten  times  per  minute.  Using  this  technique  the  coatings  on  the  external  surface  of 
a  blade  aerofoil  are  typically  60  microns  in  thickness  while  the  internal  surface 
coatings  are  nearer  to  26  microns  thus  minimising  the  danger  of  blocking  the  narrow 
cooling  channela.  The  method  has  also  been  shown  to  be  suitable  for  the  generation 
of  graded  composition  coatings  where  the  final  stage  in  the  coating  operation  may 
include  pulse  aluminising,  chromising  or  siliconlsing  designed  to  seal  microcracks 
or  other  defects  in  the  surfaces  of  overlay  coatings  deposited  by  plasma-spray  or 
other  methods  (19). 

The  coating  of  cooled  blades  has  also  been  extensively  investigated  by  G.E. 

Aluminide  coatings  were  first  obtained  by  the  thermal  decomposition  of  a 
metalorganic  liquid  ( tr  isobuty  laluminum  -  TIM)  at  about  200°C  (20).  The  aluminium 
deposit  is  produced  either  by  dipping  the  pieces  into  the  liquid  or  by  circulating 
the  liquid  throughout  the  blades.  A  heat-treatment  of  a  few  hours  at  1060°C  is 
then  carried  out  in  order  to  form  the  aluminide  coating.  Other  metallic  deposits 
have  also  been  produced  by  similar  processesi  nickel  from  nickel  carbonyl  at  160  to 
260°C  and  chromium  from  liquid  dlcuaenylchtomlum  at  160  to  460°C.  The  deposition 
of  successive  layers  of  Ml,  Cr,  and  A1  allows  the  formation  of  alloy  coatings. 

More  successful  methods  have  since  been  developed  to  coat  internal  surfacesi 
electroless  deposition  of  nickel  and  slurry  with  a  halide  activator  for  chromium 
and  aluminium  deposition  (21). 

Quality  Control  of  Costings 

The  existence  of  coating  defects  has  been  recognised  as  a  problem  from  the  earliest 
days  of  using  protective  coatings  in  turbines,  Fig.  6.  Not  only  are  defects 
undesirable  from  the  point  of  view  of  potentially  negating  the  value  of  the  coating 
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■  a  regards  corrosion  protaction  but  also  dua  to  certain  forms  of  them  acting  as 
sub-critical  defects  which  can  lead  to  preisature  blade  failure.  In  order  therefore 
to  ensure  high  reliability  in  coated  components,  careful  quality  control  procedures 
aiust  be  excercised  before,  during  and  after  coating  (22).  Such  procedures  are  not 
only  desirable  but  necessary  if  the  life  of  the  component  is  to  be  achieved  and  the 
integrity  of  the  turbine  during  its  operating  life  is  to  be  guaranteed. 

Most  defects  in  coatings  can  be  readily  detected  using  a  number  of  well  establised 
techniques.  There  are  however  no  generally  accepted  standards  of  testing  nor 
standards  of  defect  acceptance  or  rejection  of  coated  parts.  The  final  control 
measures  are  currently  exercised  by  the  turbines  mailers  or  the  end  user,  where 
component  refurbishing  is  involved,  and  generally  defined  in  the  specification  laid 
down  for  the  coating  concerned.  Apart  from  the  usual  quality  audits  of  coxuaercial 
coating  producers  and  the  routine  monitoring  of  the  coating  process  itself,  the 
quality  of  coatings  is  generally  determined  on  the  basis  of  test  coupons  and/or 
randomly  sampled  coaiponent  cut  up  tests.  In  cases  where  the  components  are  large 
and  expensive,  such  as  high  power  industrial  gas  turbine  blades  the  coating  quality 
may  be  largely  assessed  on  the  basis  of  cut-up  tests  on  test  coupons  alone. 

Evaluation  of  Test  Coupons 

The  homogeneity  of  a  coating  is  greatly  dependent  on  the  manner  in  which  the 
components  being  coated  are  distributed  within  the  pack  cementation  box.  This 
being  the  case  it  is  necessary  to  sensibly  distribute  test  coupons  of  the  substrate 
material  throughout  the  box  in  order  that  adequate  checks  on  the  quality  can  be 
made  after  coating.  Mhilst  the  increase  in  mass  of  these  testpieces  is  the  first 
valid  indication  of  the  coating  quality,  other  tests  may  be  necessary  to  establish 
the  final  coating  quality,  such  as 

1)  metal lographlc  determination  of  the  coating  thickness  and  assessment  of  its 
structure  by  comparison  with  established  standard  microsect ions 

2)  determinat ion  of  the  aurface  aluminium  content  (or  platinum  in  the  case  of 
L.DC2  or  RT2 2  types)  by  X-ray  fluorescence  or  p  -backscatter  ing  techniques. 

1)  assessment  of  coating  integrity  using  fluorescent  dye  penetrant,  ultrasonic, 
eddy  current,  radiographic,  infra-red  emission  or  other  appropriate 
techniques, 

and 

4)  static  and/or  dynamic  oxidation  tests  followed  by  visual  and  isetallograhlc 
examinat ion. 

Evaluation  of  Coated  Components 

It  is  equally  and  arguably  sore  important  to  carry  out  the  quality  control  tests 
described  above  on  actual  aluminised  components  randomly  selected  from  each  batch 
being  coated.  Mhilst  there  is  a  considerable  degree  of  merit  in  this  approach, 
there  is  a  danger  of  overkill,  not  to  mention  the  increased  cosusitmant  of  resources 
with  a  subsequent  increase  in  costs.  A  compromise  must  therefore  be  reached  with 
respect  to  adequately  assessing  the  coating  process  from  the  point  of  view  of 
achieving  the  required  quality  control  standards  without  resorting  to  unjustifiable 
commitment  of  resources  and  consequent  expenditure,  all  of  which  will  reflect 
itself  in  the  final  cost  of  the  component.  In  other  words,  the  proper  and  most 
efficient  use  of  resources  must  be  exercised  without  compromising  the  quality  of 
the  end  product.  This  is  especially  important  in  the  assessment  of  actual  coated 
components  since,  as  is  the  case  in  large  industrial  turbines,  they  can 
individually  coat  several  thousand  pounds  each.  In  this  case  the  a asessment  of 
quality  must  largely  rely  on  the  use  of  non-destructive  tests  of  components  in 
association  with  a  more  rigorous  background  of  testing  based  on  test  coupons  which 
have  been  coated  in  the  pack  at  the  same  time. 

In  assessing  the  quality  of  coated  components  two  principal  sources  of  defects 
have  to  be  considered,  vix.  (a)  those  originating  from  the  component  and  (b)  those 
originating  from  the  actual  coating  process. 


Mith  regard  to  defects  arising  from  the  substrate  being  coated,  it  is  necessary  to 
distinguish  between  new  (virgin)  components  and  those  which  have  undergone  repair. 
The  latter  being  more  complex  are  dealt  with  below  in  the  section  dealing  with 
repair  and  recovery  of  ex-service  components.  In  the  case  of  new  components, 
certain  defects  detected  after  coating  are  generally  associated  with  residues  from 
the  precision  casting  moulds  which  have  not  been  adequately  removed  from  the 
component  surface  by  sand-blasting  after  casting.  In  practice  only  0.3-0. St  of  all 

piecea  tested  are  rejected  on  this  basis  and  these  are  generally  recoverable  by 
stripping  and  recoating.  Defects  arising  from  surface  porosity  in  investment 
castings  are  relatively  rare  since  these  would  be  dressed  out  prior  to  coating. 

Borne  defects  may  also  arise  due  to  large  carbide  outcrops  in  the  substrate.  Again 
these  are  relatively  rare. 
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Defects  arising  from  the  coating  process  itself  include  various  types  of  cracking, 
porosity,  entrapment  of  inclusions,  coaipoeit  tonal  variations,  thickness  variations 
and  interfacial  separation,  rigs.  546.  Whilst  sany  of  these  defects  can  be 
detected  by  visual  and/or  other  non-destructive  testing  techniques,  others  say 
depend  on  the  destructive  examination  of  test  coupons  and  indeed  actual  cosiponents 
themselves.  Defects  say  also  arise  during  the  finishing  of  the  coated  parts  such 
as  locally  too  severe  sand-blasting  leading  to  overthinning  of  the  coating.  This 
can  often  be  reclaimed  by  use  of  a  supplementary  coating  treatment  without 
resorting  to  stripping  of  the  part  concerned.  In  the  case  of  the  other  defects 
described  above  a  complete  recycling  of  the  component  is  necessary  to  recover  the 
part. 

Repair  and  Recovery  of  Coated  Turbine  Parts 

In  order  to  conserve  both  materials  and  energy,  and  prolong  the  service  life  of  hot 
section,  stationary  and  moving  gas  turbines,  repair  and  recovery  procedures  are 
becoming  generally  accepted  practices  (22,  23).  These  procedures  include  recoating 
of  turbine  parts,  repair  welding/brazing  of  cracks,  replacement  of  aerofoils  and 
hot  isostatic  pressing  (HIP)  to  recover  the  effects  of  creep  damage.  In  pursuing 
this  philosphy  however,  the  quality  control  procedures  which  must  be  exercised  are 
even  more  vigorous  than  those  imposed  in  new  components.  Not  only  must  it  be  shown 
that  the  recovered  part  is  indeed  fit  for  service,  but  this  must  be  done  in  a 
situation  where  extremely  difficult  technical  problems  must  be  overcoswr  to  ensure  a 
sound  part.  The  main  problem  to  be  overcome  in  attempting  the  recovery  of  used 
turbine  blades  is  to  «nsure  that  they  are  ..efficiently  clean  before  the 
refurbishing  operation  is  coaunenced.  This  will  be  highlighted  in  the  discussion  of 
the  basic  procedures  outlined  below. 

The  recosting  of  turbine  components  may  be  necesary  due  to  a  number  of  causes 
such  as 

1)  faults  which  have  developed  during  the  original  coating  treatment.  Fig.  5.1) 

2)  general  or  local  corrosion  attack  whereby  after  a  period  in  service  the 

coating  can  no  longer  fulfil  its  protective  function,  and 

3)  local  damage  to  the  component  by  impact  etc., 

Recoating  may  also  be  carried  out  as  part  of  an  overall  refurbishing  programme  on  a 
component  in  association  with  brazing  and  welding  repair  work.  In  each  case  the 
original  coating  has  to  be  effectively  stripped  from  the  component  before  recoating 
can  proceed.  This  is  generally  achieved  uding  a  combination  of  abraaive  blasting 
and  chemical  stripping  procedures.  Great  care  is  necessary  to  ensure  that  the  old 
coating  is  effectively  stripped  down  to  the  unimpaired  base  material  and  in  the 
case  of  corrosion  damaged  parts,  below  any  effects  the  corrosion  attack  may  have  had 
on  the  substrate.  This  means  that  the  dimensions  of  the  component  will  be  reduced 
after  each  stripping  operation,  thus  reducing  the  effective  load  bearing  cross 
section  of  the  aerofoil.  Stripping  and  recoating  can  therefore  only  be  carried  out 
a  limited  number  of  times  especially  in  blading  where  the  aerofoil  wall  sections 
are  thin,  e.g.  high  performance  cooled  aircraft  blades.  For  example,  If  a  60 
micron  thick  aluminide  coating  which  has  penetrated  the  base  material  by  25  microns 
is  stripped  from  a  blade  having  a  wall  thickness  of  0.5  to  1mm,  a  2  to  56  reduction 
in  the  cross  section  of  the  aerofoil  will  occur  with  a  corresponding  Increase  in 
the  nett  section  stress  (26). 

It  has  been  suggested  that  the  problems  associated  with  the  reduction  in  aerofoil 
cross  section  can  be  avoided  by  simply  removing  the  corrosion  products  without 
stripping  the  coating  as  a  whole  (24,  25).  This  means  that  the  effective  substrate 
being  recoated  will  have  a  higher  aluminium  content  than  the  original  substrate 
alloy.  Lehnert  and  Meinhardt  (24)  have  however  shown  that  this  technique  can 
successfuly  be  applied  to  LDC2  coatings  and  that  the  recoated  product  exhibits  the 
normal  chemical  composition  and  structure  expected  in  this  platinum  aluminide 
coating.  Further  work  has  suggested  that  low  activity  pack  cementation  processes 
are  the  most  suitable  for  coating  repair  using  this  procedure  (25).  If  the 
original  coating  however  is  not  removed  the  risk  of  spallation  after  recosting  is 
likely  to  increase  due  to  the  new  coating  thickness  being  increased  by  a  factor  of 
approximately  2,  (23). 

The  success  of  any  recoating  operation  will  be  largely  dependent  on  the 
availability  of  stripping  and  cleaning  techniques  which  can  remove  both  the 
corrosion  products  and  remaining  coating  without  undue  damage  to  the  turbine  parts 
(26).  Whilst  stripping  and  cleaning  procedures  must  be  effective  in  order  to 
ensure  a  successful  end  result  they  must  not  be  too  vigorous.  Grain  boundary  attack 
or  preferential  dissolution  of  the  substrate  alloy  must  be  avoided  or  at  least 
minimised  especially  in  thin  walled  components  such  as  cooled  aerofoils.  In  such 
components  it  is  particularly  difficult  to  remove  oxides  and  sulphides  from 
Internal  cavities  and  narrow  cooling  channels.  In  such  cases  it  has  been  found  to 
be  advantageous  to  subject  the  parts,  after  chemical  stripping,  to  an  additional 
cleaning  step  in  hydrogens.  Ivan  more  efficient  cleaning  of  these  difficult  areas 
is  achieved  by  treatment  in  gaseous  fluorine  or  using  the  Fluor  Carbon  Cleaning 
process  (26).  These  procedures  significantly  reduce  the  reject  rate  after 
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recoating.  In  the  cast  of  chtaical  stripping  s  rsjsct  rats  of  approx imately  5%  is 
experienced  compared  with  1-2%  using  tht  additional  fluorina  cltaning  sttp. 

Howtvtr,  a  rtjtct  rata  of  5%  on  racoating  is  poor  whan  coaparad  with  tha  0.3-0. 5% 
racordad  in  tha  coating  of  naw  coaponants.  Finally,  should  tha  stripping 
proetdurts  describad  abova  hava  baan  unsuccasaful  in  fully  raaov i ng  all  tracts  of 
sulphur  panatration  in  tha  substrata,  'sponge-like*  faaturaa  aay  occur  on  tha 
coaponant  surface  after  racoating. 

Following  stripping  and  cleaning  tha  naw  surfaca  to  ba  coatad  aay  diffar  in 
chemical  composition  and  structure  from  that  of  tha  original  alloy,  primarily  dua 
to  coat ing/substratc  intard 1 f f us  ion  affacts  which  hava  occurrad  during  sarvica.  In 
consequence,  both  tha  structure  and  composition  of  ths  'naw'  coatings  sra  likely  to 
differ  from  those  produced  on  virgin  substrates.  Currently  relatively  little  is 
Known  regarding  the  behaviour  of  racoated  coaponenta  in  aarvlca,  particularly  with 
regard  to  their  long  term  corrosion  protection  capability.  Navarthalass  reliable 
coatings  appear  to  be  generally  achieved  with  records  of  both  blades  and  vanaa  in 
aero  engine  applications  having  been  racoated  up  to  12  times  (2$). 

Successful  repair  of  coatings  which  have  baan  locally  daaagad  dua  to  impact  etc., 
has  been  reported  using  the  Seraalloy  1  procedure,  in  which  a  powder  containing  88% 
aluminium  and  12%  silicon  is  applied  to  tha  surfaca.  Coating  repair  is  affected  by 
a  thermal  treatment  of  approximately  IS  hours  duration  at  10Q0°C,  thla  being  often 
incorporated  into  the  quality  heat  treatment  cycle  required  by  tha  coaponant  alloy. 
Certain  users  however  automatically  reject  lapact  daaagad  coaponants  on  tha  basis 
that  the  coating  crack  say  hava  extended  into  tha  substrata.  These  bacoas 
candidates  for  stripping  and  inspection  before  resorting  to  possible  salvage  by 
recoat ing. 

If  repairs  by  brazing  or  welding  are  necessary,  stripping  and  cleaning  of  tha 
component  has  to  be  meticulously  controlled  since  tha  presence  of  any  coating  or 
contaminant  will  serioualy  affect  tha  repair  procedurea,  as  has  recently  been  shown 
by  Haafkens,  (26).  Repair  welding  is  usually  effected  using  a  TIC  process  with  a 
filler  wire  which  may  differ  considerably  in  composition  from  the  original 
component  XMterial.  The  differing  compositions  of  the  filler  weld  materials  will 
result  in  a  zone  in  which  the  final  coating  aay  be  significantly  different  in  both 
its  composition  and  hence  potential  corrosion  resistance.  It  has  been  reported 
that  these  compositional  differences  are  store  marked  when  high  activity  rather  than 
low  activity  processes  are  used  during  reco.'.ing.  A  further  complication  la  the 
formation  of  Kirkendall  porosity  during  recoating,  particularly  when  simple  filler 
metals  such  as  IN62  are  used  in  the  weld  repairs.  Amongst  other  problems 
encountered  in  the  use  of  simple  weld  aetals,  such  as  80Cr20Ni,  is  the  formation  of 
chromium  rich  layers  at  the  coating/weld  metal  interface  which  might  lead  to 
spallation  of  the  coating,  (22,  23). 

Recosting  of  components  after  brazing  repairs  aay  lead  to  problems  associated  with 
coating  composition  and  integrity,  due  to  the  formation  of  complex  low  melting 
point  ternary  eutectics  such  as  N-Al-Si  or  M-Al-B.  In  the  case  of  cobalt-base 
alloys  repaired  using  nickel  base  braxe  aetals,  the  coating  in  the  brazed  areas  is 
much  thicker  and  of  a  different  composition  to  that  on  the  rest  of  the  component. 
This  aay  lead  to  a  reduction  in  the  anticipated  life  expectancy  of  the  coating  in 
service  either  due  to  differential  corrosion  effects  or  thermal  fatigue  daszge  at 
compositional  interfaces  in  the  coating  itself. 

The  repair  of  thin  walled  sections  associated  with  cooled  components  create  complex 
problems  in  their  own  right.  Not  only  is  there  a  limited  availability  of  adequate 
material  to  support  the  repair  but  in  many  cases  the  repaired  areas  will 
effectively  prove  to  be  non-load  carrying  and  even  less  so  due  to  further 
reductions  in  load  carrying  area  resulting  from  diffusion  effects  associated  with 
the  recoating  process. 

Finally  should  hot  isostatlc  pressing  be  used  as  part  of  a  component  refurblshinq 
programme  to  recover  creep  damage  or  other  microstructural  detects,  it  is  essential 
that  any  coating  present  is  completely  stripped  beforehand.  In  the  case  of 
alumlnide  coatings,  rapid  diffusion  of  aluminium  into  the  substrate  would  occur  at 
the  high  temperatures  associated  with  the  process  (>1200°C)  resulting  in  a 
significant  loss  in  surface  ductility. 

It  is  clear  from  the  points  made  above  that  repair  and  refurbishment  of  high 
temperature  gas  turbine  parts  is  not  only  feasable,  and  cost  effective  but  also 
desirable  from  the  point  of  view  of  conservation  of  energy  and  materials.  Great 
attention  to  achieving  and  maintaining  the  quality  of  the  refurbished  parts  must  be 
exercised  if  the  safety  and  Integrity  of  the  turbine  is  to  be  assured.  The  user 
has  the  final  say  in  this  respect,  since  should  components  exhibit  defects  after 
repair,  they  can  be  rejected,  reprocessed  or,  if  not  too  serious  in  nature, 
life-limited  in  engines  operating  under  less  demanding  conditions. 


•evere  hot  corrosion  attack  and  degradation,  particularly  of  components  in  the  hot 
sections  of  marine  and  stationary  gas  turbine  aay  occur  due  to  deposition  of 
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aulphate/chloride  salts  originating  from  tha  praaanca  of  sulphur  and  chlorldaa  In 
the  fual  or  in  tha  lngastad  air.  This  dagradatlon  principally  occurs  as  follows. 

During  tha  coursa  of  a  short  incubation  pariod,  a  protact iva  seals  davalopa  on  tha 
aurfaca  of  tha  component,  which  la  eoaparabla  to  that  obaarvad  undar  conditions  of 
pure  oxidation.  In  tha  casa  of  coaponants  protactad  by  aluainlda  coatings  a 
protective  layer  of  Al.O,  will  be  foraed  during  this  stags.  Jitter  this  incubation 
or  initiation  period,  rapid  attack  occurs  by  hc^  corrosion,  tha  rata  of  this  being 
controlled  by  tha  actual  coaposition  of  tha  coating.  Por  axaapla,  tha  praaanca  of 
chroaiua  prevents  basic  fluxing  of  tha  Al-O,  ncale  during  tha  incubation  pariod 
while  yttriua  and  platinua  prevent  access  of  lgresslve  salts  to  tha  subadjacent 
coating  by  reducing  tha  risk  of  cracking  and  spallation  of  tha  surface  protective 
oxide  [IT).  Besides  basic  fluxing,  other  mechanisms  such  as  acid  fluxing  aay  be 
induced  by  certain  substrata  elements  or  gas  contaminants,  leading  to  further  hot 
corrosion  degradation.  In  addition  to  this,  the  rata  of  coating  degradation  la 
considerably  increased  if  tha  surrounding  environment  periodically  fluctuates  from 
oxidising  to  reducing  conditions.  Undar  these  conditions  pure  -phase  nickel 
aluminide  coatings  have  bean  found  to  provide  batter  corrosion  protection  than 
those  containing  noticaabla  amounts  of  chromium  (2S). 

Assessment  of  the  corrosion  resistance  of  coatings  and  determination  of  tha 
mechanism  of  the  degradation  process  has  bean  tha  subject  of  extensive  laboratory 
based  studies  (29).  These  include  a  variety  of  hot  corrosion  studies  conducted  on 
salt  coated  material  exposed  in  SO. /SO,  environsMnts  under  both  isothermal  and 
thermally  cycled  conditions.  Similar  tests  have  also  been  conducted  in 
ash-mixtures  the  coaposition  of  which  are  based  on  deposits  removed  from  ex-service 
turbine  blades.  Electro-chemical  methods  using  molten  salt  baths  have  also  been 
used  in  an  attempt  to  ascertain  the  conditions  under  which  breakdown  of  the 
protective  scale  on  the  coating  may  occur.  Tests  have  also  been  performed  using 
burner  rigs  whets  a  closer  approach  to  ‘real*  gas  turbine  conditions  can  be 
simulated  in  terms  of  gas  pressures  and  velocities  as  well  as  therswl  fluctuations. 
In  addition,  various  of  these  tests  have  been  performed  on  coated  materials  under 
stress  in  order  to  determine  the  penalty  that  this  additional  factor  has  on  the 
overall  likely  performance  and  hence  life  expectancy  of  a  coated  component  (30,  31). 
All  of  these  approaches  are  valuable  from  the  point  of  view  of  selecting  the  most 
likely  coating/substrate  combination  to  succeed  in  a  particular  turbine 
application,  as  well  as  enabling  some  of  the  fundamental  processes  of  the  corrosion 
process  to  be  studied.  In  the  final  analysis  however,  it  is  the  performance  in  the 
turbine  which  will  be  the  ultimate  determining  factor  in  deciding  whether  the 
correct  selection  has  been  made  in  terms  of  achieving  improvement  in  overall 
reliability  and  life  expectancy. 

Degradation  and  Corrosion  Behaviour  of  Alumninide  Coatings. 

The  primary  objective  in  using  coatings  is  to  provide  protection  of  the  component 
substrate  from  corrosion  due  to  agresslve  species  in  the  turbine  environment  for  as 
long  a  period  as  possible.  It  therefore  follows  that  the  coating  composition  and 
thickness  are  of  significant  Importance  since  it  is  these  which  determine  the 
availability  of  protective  acale  forming  elements  during  the  life  of  the  coating. 
Furthermore  the  overall  Integrity  of  the  coating  is  vitally  important  since  once  it 
becomes  breached,  either  due  to  cracking  or  chemical  attack,  it  is  at  the  end  of 
its  useful  life  in  terms  of  protection  of  the  component.  Another  factor  which  may 
lead  to  a  reduction  in  the  effectiveness  of  the  coating  as  far  as  protection  of  the 
substrate  is  concerned,  is  its  overall  thermal  stability.  Due  to  coating/substrate 
interaction  effects  the  chemical  composition  of  the  coating  may  be  changed  such 
that  its  overall  corrosion  resistance  may  be  reduced  to  even  less  than  that  of  the 
substrate  material  it  is  designed  to  protect  (13). 

During  service,  two  basic  coating  degradation  mechanisms  have  been  observed  on 
eluminlde  coatings. 

1)  outward  diffusion  of  nickel  in  combination  with  inward  diffusion  of  aluminium 
leading  to  an  effective  increase  in  the  overall  coating  thickness  with 
consequential  reduction  In  the  aluminium  content  of  the  outer  coating  xone, 
and 

2)  consumption  of  aluminium  due  to  Al.O,  scale  formation  and  spallation  at  the 
outer  surface  of  the  coating.  This  can  lead  to  significant  consumption  of 
aluminium  in  the  coating  resulting  in  theB-BlAl  being  converted  to  the  less 
oxidation  resistant  I '-phase  (NljAl) . 

This  process  occurs  progressively  with  service  exposure  until Y*  fingers  penetrate 
through!  to  the  outer  costing  surface  after  which  rapid  failure  of  the  coating 
occurs,  (32,  40).  These  effects  are  noticeably  accelerated  by  other  processes  such 
as  hot -cor r os i mi,  erosion  and  thermally  or  mechanically  induced  spallation  damage 
to  the  coating  during  its  service  life. 

The  joint  effect  of  the  two  basic  processes  described  above  leads  to  an  initial 
increase  in  coating  thickness  followed  by  a  decrease  which  can  be  described  by  the 
equation 
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where  h,  is  the  coating  thickness,  Q  is  the  activation  of  energy  of  nickel 
diffusion  in  N1A1. 

Substrate  competition  also  plays  an  important  role  with  regard  to  the  overall 
potential  corrosion  resistance  of  the  coating,  due  primarily  to  coating  substrate 
interaction  effects  such  as  those  described  above.  This  has  been  amply  demonstrated 
for  a  number  of  different  coating/substrate  combinations,  Pig.  7,  (32). 

Aluminide-coat ings  were  originally  developed  for  protection  against  oxidation  (l.e. 
enhanced  formation  of  Al.O,)  in  aero-gas  turbines.  Under  hot  corrosion  conditions, 
such  as  that  typically  encountered  in  stationary  gas  turbines,  such  aluminlde 
coatings  can  only  provide  limited  protection  since  by  interaction  with  molten 
sulphate  deposits,  the  *1.0,  Is  being  converted  into  unprotsetive  alumlnates  (basic 
fluxing).  However,  it  has  been  shown  that  even  under  corrosive  conditions  some 
noticeable  extension  of  service  lives  can  be  achieved.  Pig  8. 

As  already  described,  the  presence  of  chromium  in  aluminlde  coatings  promotes  and 
sustains  the  *1,0,  formation  and  therefore  reduces  the  effect  of  basic  fluxing. 
However  due  to  the  limited  solubility  of  chromium  (and  other  elements)  In  the  |3 
-phase  there  is  also  only  limited  potential  to  Improve  the  hot  corrosion 
resistance  of  the  simple  aluminides. 

A  significant  advance  in  the  field  of  aluminlde  coatings  has  been  the  development 
of  the  two  stage  processes  utilising  electrodepost  ion  of  platinum.  In  these  systems 
the  improved  oxidation  and  corrosion  resistance  is  associated  with  the  formation  of 
PtAl,  in  the  outer  tone  of  the  coetlng  together  with  the  presence  of  platinum  In 
solid  solution  in  the  B-phase.  The  presence  of  PtAl,  results  in  the  retention  of 
aluminium  at  the  coating  surface  and  as  such  proswites  Al.O,  scale  formation  with 
the  minimisation  of  spallation.  Furthermore  the  PtAl,  act!  as  an  aluminium 
resevolr,  also  reduces  the  rate  of  Inward  diffusion  of  aluminium  towards  the 
substrate.  Finally  extensive  studies  by  Strang  and  Cooper  (32)  have  demonstrated 
that  the  thermal  stability  of  the  platlnlum  aluminlde  coatings  is  markedly  superior 
to  that  of  the  simple  aluminides,  the  presence  Of  platinum  suppressing  the 
transformation  of B  -phase  to  the  less  corrosion  resistant  Mi.Al  observed  in  simple 
aluminlde  coatings.  The  overall  ImprovesMnt  in  thermal  stability  exhibited  by  the 
platinum-aluminide  coatings  has  been  particularly  exploited  in  industrial  gas 
turbine  applications,  where  component  lives  in  excess  of  30,000  hours  in  agresslve 
environments  is  expected. 

OP  COATIHCa  OH  TH8  PHOPgXTIBS  OP  8UPgKALU)y8  BUBSTAA 

One  of  the  most  significant  difficulties  associated  with  the  use  of  pack 
cementation  coating  processes  is  that  their  associated  and  often  protracted  thermal 
cycles  are  generally  imcompatable  with  that  which  is  required  to  develop  the 
desired  mechanical  properties,  particularly  creep  strength  of  modern  superalloys. 

The  presence  of  a  coating  can  also  affect  other  important  properties,  e.g.  high 
cycle  and  low  cycle  fatigue.  Care  must  therefore  be  taken  to  ensure  that  the 
choice  of  coating  is  optimised  with  respect  to  the  corrosion  protection,  mechanical 
property  and  hence  life  requirements  of  the  component.  The  application  of  a 
coating  may  therefore  affect  the  properties  of  the  substrate  and  hence,  of  the 
basic  component  in  a  variety  of  different  ways.  Thesa  are  now  considered  in 
detail. 


The  prolonged  periods  of  exposure  at  high  temperature  and  slow  cooling  rates 
associated  with  pack  alumlniaing  processes  are  generally  incompatible  with  the  heat 
treatamnts  required  to  develop  the  required  properties  in  modern  auperalloys.  In 
particular  the  creep  properties  of  nickel  base  alloys  are  likely  to  be  sever ly 
reduced  due  to  an  unsatisfactory  distribution  of  '  being  produced  during  the 
coating  thermal  cycle.  Unsatisfactory  grain  boundry  carbide  distributions  may  also 
occur,  resulting  In  poor  high  temperature  ductility  in  the  material.  If  coating  of 
gas  turbine  parts  is  necessary,  it  is  therefore  Important  to  eliminate  any 
deleterious  effects  on  material  properties  arising  from  the  coating  process.  This 
can  generally  be  achieved  by  implementing  the  full  quality  heat  treatment  for  the 
alloy  after  the  coating  process  has  been  carried  out,  (12).  In  certain  alloy 
systems,  costing  can  be  carried  out  with  the  material  in  the  aa-cast  or  fully  heat 
treated  condition  without  the  properties  being  unduly  affected,  Pig.  9.  In  other 
alloy  systems  deleterious  changes  in  the  nlerostrueture  of  the  substrate  due  to  the 
coating  process  can  only  be  reversed  using  the  normal  quality  heat  traatment  tor 
the  alley.  Pig.  10.  Certain  other  eases  exist  whera  it  is  possible  to  guarantee 
the  substrate  alley  properties  by  combining  the  coating  thermal  cycle  within  the 
quality  heat  treatment  cycle  required  by  the  alloy. 


alloy. 


in  certain  situations  minor  modifications  to  the  substrata  alloy  composition  can 
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make  the  application  of  a  coating  feasable  where  previously  no  success  was 
possible.  This  is  well  illustrated  in  the  case  of  the  coeueercial  alloy  CoTac744, 
which  requires  the  following  quality  heat  treatment. 

Solution  treataent  30  ains.  9  1 2 20°C  AC 

Ageing  16  hours  8  B50°C  AC 

As  already  discussed  high  activity  pack  aluainlsing  processes  are  unsatisfactory 
for  coating  carbide  fibre  reinforced  eutectic  superalloys.  The  alternative  low 
activity  processes  whilst  being  more  suitable  can  still  be  detrimental  due  to  the 
effect  of  the  slow  cooling  rate  associated  with  the  coating  thermal  cycle.  In  work 
conducted  by  ONERA,  (33)  the  creep  rupture  life  °f  CoTac744  was  found  to  be  reduced 
by  a  factor  of  3  at  temperatures  between  850°C  and  900°C,  when  alumlnlde  coated 
according  to  the  following  process; 

30  mins.  9  1220°C  AC  -  solution  treatment  stage 

10  hours  9  1050°C  slow  cool  -  low  activity  alumlnlde  coating 

16  hours  9  850°C  AC  -  ageing  stage 

At  temperatures  of  1000°C  and  greater  no  loss  in  properties  were  recorded  due  to 

the  fact  that  at  these  high  temperatures  the  creep  properties  are  dictated  by  the 
properties  of  the  carbide  fibres,  while  at  lower  temperatures  the  strength  of  the 
matrix  dominates. 

A  significant  improvement  in  creep  strength  and  transverse  ductility  in  the 
temperature  range  900°C  to  1000°C  can  be  achieved  by  modifying  the  coeiposition  of 
the  alloy  (CoTac784)  and  utilising  a  modified  3-stage  quality  heat  treatment,  viz.. 

Solution  treatment  30  mins,  9  1220°C  -  1240°C  AC 

First  ageing  treatment  16  hours  8  1050°C  AC 

Second  ageing  treatment  16  hours  8  850°C  AC 

By  combining  a  low  activity  pack  aluminlsing  process  with  the  first  high 
temperature  ageing  step  it  is  possible  to  coat  the  modified  alloy  without  affecting 
the  creep  properties,  provided  that  the  cooling  rate  after  the  coating  cycle  is  not 
unduly  slow.  The  Improvements  described  are  due  to  an  increase  in  the  f  '  stability 
resulting  from  an  increase  in  the  Y'-solvus  temperature  brought  about  by  the 
modified  alloy  composition. 

The  quality  heat  treatment  for  annocrystali ine  alloys  such  as  CHSX2  normally 
consists  of  a  3-stage  process,  viz.. 

Stage  1  2-3  hours  9  1280°C  to  1320°C  AC 

Stage  2  15  hours  9  1050°C,  AC  or  4-6  hours  9  1100°C,  AC 

Stage  3  15-24  hours  9  850°C,  AC 

bow  activity  or  high  activity  aluminlsing  processes  can  be  incorporated  into  the 
quality  heat  treatment  cycle  for  this  alloy  without  detriment  to  the  creep 
properties  provided  the  cooling  rate  from  the  stage  2  cycle  is  fast  enough. 

Should,  in  the  case  of  a  low  activity  process,  the  post  coating  cooling  rate  prove 
to  be  too  slow,  the  mlcrostructure  can  be  restored  by  incorporating  an  additional  « 
hour  treatment  1050°c,  followed  by  a  rapid  cool,  into  the  total  heat  treatment 
cycle.  This  procedure  is  also  valid  in  the  case  of  the  coating  procedure  adopted 
for  the  modified  CoTac744  alloy.  The  above  example  clearly  illustrates  how  coating 
processes  can  be  incorporated  into  the  normal  quality  heat  treatment  cycle  for  the 
coeiponent  material,  as  well  as  indicating  the  need  to  ensure  that  both  the  coating 
and  quality  heat  treatment  procedures  are  compatible. 

Reduction  of  Cross-section 


Aluminide  coatings  are  normally  assumed  to  be  non-load  bearing.  Furthermore  as  a 
result  of  their  application  a  certain  portion  of  the  substrate  is  consumed  thus 
effectively  reducing  the  cross-sect lonsl  area  of  unaffected  substrate  material. 

This  means  that  the  nett  section  stress  in  a  gated  component,  such  as  a  turbine 
blade  will  be  effectively  higher  than  in  the  same  component  in  the  uncoated 
condition.  This  effect  has  been  recognised  in  the  study  of  the  effects  of  coating 
on  the  creep  rupture  properties  of  superalloys,  stress  correction  factors  having  to 
applied  in  the  case  of  coated  teatpiecea,  (32,  34). 

For  example,  the  formation  of  a  60  micron  thick  alumlnlde  coating  on  IN100  will 
result  in  the  consumption  of  approximately  40  microns  of  substrate  material.  In 
the  case  of  thin  walled  component  lam  in  thickness,  the  load  bearinq  section  after 
coating  on  both  sides  will  be  reduced  to  0.92mm.  The  corresponding  91  increase  in 
stress  at  a  constant  load  implies  a  reduction  in  creep  rupture  life  by  a  factor  of 
two  times,  vis  500  hours  instead  of  1000  hours  at  850°C.  According  to  Hauser  et  al 
(34),  the  creep  rupture  life  would  be  reduced  by  more  than  608  for  a  wall  thickness 
of  0.5mm. 

Practical  considerations  such  aa  this  are  clearly  important  in  the  case  of  thin 
wall  sections  associated  with  cooled  gas  turbine  blades,  Fig.  11.  It  should  be 
noted  that  thin  section  materials  ace  already  known  to  exhibit  reduced  rupture 
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live*  when  compared  with  normal  thickness  materials,  and  that  application  of  a 
coating  would  reduce  this  further  (3%).  As  a  result  of  such  factor  the  repeated 
coating  of  thin  wall  blades  is  clearly  limited. 

finally,  the  additional  weight  of  the  aluminium  in  the  coating  may,  in  the  case  of 
very  thin  walled  blades,  lead  to  increase  in  the  overall  section  stress  and  hence  a 
significant  reduction  in  component  life,  Pig.  12,  (36). 

Coat lnq/Substrate  Interdiffusion 

In  various  studies  on  the  effects  of  coatings  on  the  high  temperature  properties  of 
nickel  and  cobalt  based  superalloys,  significant  coating/substrate  interdiffusion 
effects  have  been  observed.  This  is  hardly  surprising  since  the  composition  of  the 
coatings  are  substant ical ly  different  from  the  substrate  upon  which  they  lie  and  as 
such,  strong  chemcial  Interdiffusion  effects  during  high  temperature  exposure  in 
service  would  be  expected.  These  not  only  lead  to  changes  in  the  structure  of  the 
coatings,  which  in  time  may  change  their  effective  corrosion  resistance,  but  also 
to  substantial  mod  if icat ions  to  the  microstructure  of  the  alloy  zone  adjacent  to 
the  coating.  In  this  respect  Strang  has  reported  the  presence  of  extensive  O-phase 
precipitation  at  the  coating/substrate  Interfaces  of  both  simple  and  platinum 
aluminide  coatings  on  IN738LC.  (37,38,39).  In  studies  conducted  on  creep  rupture 
testpieces  exposed  for  up  to  40,000  hours  duration  at  ?50°C  and  850°C  platelets  of0 
-phase  were  shown  to  extend  from  the  coating/substrate  Interface  for  up  to  100 
microns  into  the  substrate  itself.  Under  certain  conditions  theO -platelets  were 
also  observed  to  offer  an  easy  path  for  crack  propagation  from  the  coating  into  the 
substrate  material,  (39).  Lang  and  Tottle  have  made  similar  observations  on  coated 
IN738LC  specimens  exposed  for  various  periods  at  temperatures  up  to  1000°C,  (40). 

In  these  studies  R-phase  was  detected  at  the  coating  substrate  interface  in 
addition  to  the  -phase  already  reported,  Rig  13. 

whilst  the  presence  of  these  plate-like  phases  in  the  subcoating  zone  has  so  far 
not  been  found  to  be  detrimental  to  either  the  creep  or  low  cycle  fatigue  life  of 
super-alloys,  (14,38,41)  no  studies  have  so  far  been  reported  on  thin  section 
material.  Their  potential  effect  on  the  high  cycle  fatigue  properties  of  a  number 
of  nickel  based  superalloya  la  currently  under  investigation  in  a  number  of 
laboratories,  (42,43).  whilst  no  detrimental  effects  on  basic  high  temperature 
properties  have  been  reported  due  to  O-platelets  in  the  sub-coating  zone  of 
aluminised  nickel  base  alloys,  Strang  has  suggested  that  they  may  be  potentially 
dangerous  on  the  basis  of  sub-critical  crack  growth  considerations.  In  the  case  of 
a  normal  aluminide  coating  a  through  thickness  crack  or  defect  may  be  75  to  100 
microns  in  depth.  Should  however  extensive  0  -phase  precipltaton  occur  during 
service  in  the  subscoating  zone,  say  up  to  a  depth  of  another  100  microns,  then  the 
total  defect  to  be  considered  is  now  200  microns  in  size.  Under  certain 
circumstances  such  a  defect  may  extend  by  sub-critical  growth  processes  such  as 
thermal  and/or  high  cycle  fatigue  and  thus  lead  to  failure  of  the  component. 

It  can  generally  be  concluded  that  provided  that  all  of  the  necessary  precautionary 
steps  are  taken,  the  application  of  aluminide  coatings  should  not  lead  to  a 
deterioration  in  the  basic  creep  rupture  or  tensile  properties  of  the  substrate 
alloys.  On  the  other  hand,  since  the  presence  of  a  coating  does  not  confer  any 
strength  to  the  substrate,  any  benefit  can  only  be  expected  under  conditions  where 
environmental  effects  are  likely  to  be  life  limiting.  A  useful  coating  will 
therefore,  by  appropriate  protection  scale  formation,  effectively  seal  the 
substrate  off  from  ingress  of  any  agressive  species  likely  to  reduce  component  life 
by  grain  boundary  attack  (44)  or  reduction  of  load  bearing  cross  section  due  to 
corrosion,  Pig.  14,  (45). 


COAT I WG  DUCTILITY 


Survival  of  the  coating,  in  terms  of  its  mechanical  integrity,  will  be  critically 
dependent  upon  its  Inherent  strain  tolerance  capability  or  ductility.  Strains 
Imposed  upon  the  coating  during  operation  of  the  turbine  will  be  due  to  the  thermal 
and  mechanical  stress  cycles  experienced  by  the  components  concerned.  As  a  result  of 
this,  the  strains  generated  will  be  a  combination  of  those  resulting  from  thermal 
expansion  mismatches  between  coating  and  substrate  as  well  as  those  transmitted  by 
mechanical  deformation  of  the  substrate  itself.  The  ability  of  the  coating  to 
accommodate  such  strains  will  be  dependent  not  only  upon  their  magnitude  and 
frequency  ofapplication  but  also  on  other  factors  such  as  coating  type,  thickness 
and  the  temperature  range  over  which  the  maximum  strains  have  to  be  tolerated. 

Due  consideration  of  these  factors  is  especially  important  if  premature  mechanical 
failure  of  the  coating  is  to  be  avoided. 


A  certain  disadvantage  of  aluminide  coatlnga  in  this  context  is  that  while  at  high 
temperature  they  possess  fairly  high  ductility,  below  a  certain  temperature,  known 
as  the  ductile/brittle  transition  temperature  (DBTT),  their  failure  strain  drops  to 
less  than  0.2%,  l.e.  they  are  effectively  brittle.  While  the  ductility  behaviour 
of  NCrAlY  overlay  coatings  can  now  be  adjusted  by  compositional  modifications,  the 
ductility  of  alumlnides  however  varies  only  slightly  with  composition,  CoAl  being 
generally  more  brittle  than  N1A1,  Pig.  15.  To  a  minor  extent  aluminide  coating 
ductility  is  also  dependent  on  the  substrate  alloy  composition,  coating  process 
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route,  straining  rate  and  on  coating  thickness.  However  this  typical  behaviour  o f 
aluminides  need  not  be  detrimental  provided  that  proper  actions  are  taken  to  ensure 
that  (thermal)  strains  are  minimised,  particularly  at  temperatures  below  DBTT  so 
that  the  maximum  strain  range  level  experienced  by  a  coated  component  does  not 
exceed  the  failure  strain  of  the  coating.  This  can  generally  be  achieved  in 
practice  by  careful  control  of  turbine  start-up  and  shut  down  cycles. 

FATIGUE  PROPERTIES 

Varying  results  have  been  reported  concerning  the  effect  of  aluminlde  coatings  on 
the  low  cycle,  high  cycle  and  thermal  fatigue  properties  of  superalloys.  Since 
fatigue  failure  is  generally  (in  the  absence  of  internal  flaws  and  porosity) 
initiated  at  the  surface,  and  affected  by  the  environment  the  application  of  a 
coating  on  the  surface  may  potentially  affect  fatigue  properties  of  coated 
components.  Whether  it  does  or  not  will  depend  on  the  relative  intrinsic 
mechanical  and  physical  properties,  and  their  temperature  dependence,  of  both  the 
coating  and  substrate  alloy,  respectively.  These  properties  include  yield 
strength,  elastic  modulus,  thermal  expansion  coefficients,  ductility  and  DBTT.  If 
the  relevant  properties  of  the  coating  are  worse  than  those  of  the  substrate  then 
cracks  can  be  generated  in  the  coating,  whereby  the  coating  will  lose  its  prime 
function  to  provide  corrosion  protection.  Furthermore  such  cracks  may  propagate 
into  the  substrate  by  subcrltical  crack  growth  process  and  lead  to  premature 
failure  of  the  entire  component  (see  above).  On  the  other  hand,  if  the  coating 
(fatigue)  properties  are  better  than  those  of  the  substrate,  ther  an  improvement  of 
the  overall  behaviour  can  be  anticipated,  in  air  and  even  more  so  under  corrosive 
environment. 

For  the  fatigue  behaviour  of  coated  parts  residual  (or  intrinsic)  stresses  in  the 
coating  will  also  be  of  vital  importance  to  its  behaviour  under  cyclic  loading 
(47).  It  is  know  that  such  stresses  will  increase  with  thickness  of  the  coating, 
however  little  is  known  about  their  relative  magnitude  for  the  various 
coating/substrate  combinations.  Betz  et  al.<48)  have  reported  some  results  on  how 
coating  ductility  and  LCF-endu ranee  decrease  with  increasing  coating  thickness, 

Fig.  16. 

Low  Cycle  Fatigue 

Relatively  few  studies  have  been  conducted  on  the  low  cycle  fatigue  properties  of 
coated  nickel  and  cobalt-based  superalloys,  and  variable  results  have  been 
obtained,  this  being  mainly  due  to  differences  in  testing  technique,  coating  type, 
test  temperature  range  and  so  on. 

Wells  and  Sullivan  (41)  have  demonstrated  that  significant  improvements  in  the  low 
cycle  push-pull  fatigue  properties  of  U700  can  be  achieved  by  pack  aluminising  this 
alloy.  In  tests  conducted  at  927°c,  the  cyclic  strain  tolerance  of  coated  material 
was  up  to  501  higher  than  that  of  the  uncoated  alloy.  Although  crack  Initiation 
resistance  was  improved  by  the  use  of  a  standard  pack-aluminising  treatment 
followed  by  the  normal  quality  heat  treatment  for  the  alloy,  further  benefits 
resulted  by  the  inclusion  of  an  intermediate  coating  diffusion  treatment.  Fig.  17. 

The  effects  of  pack-aluminide  coatings  on  the  push-pull  low  cycle  fatigue 
characteristics  of  Rene  80  have  been  evaluted  using  a  strain  range  partitioning 
analysis  technique  by  Kortovich  and  Shelnker  (48)  and  Halford  and  Nachtigall  (49), 
Fig  18. 

In  tests  conducted  at  871°C  and  1000°C  under  ultra  high  vacuum  conditions, 
kortovich  and  Sheinker  indicated  that  whilst  the  fatigue  life  was  significantly 
affected  by  the  strain  cycle  type,  the  introduction  of  a  creep  factor  reducing  the 
life  considerably,  there  was  little  or  no  effect  of  the  coating  or  test  temperature 
on  the  fatigue  properties.  In  a  parallel  programme,  Halford  and  Nachtigall 
demonstrated  that  there  were  no  significant  differences  between  uncoated  and 
pack-aluminised  Rene  80  in  push-pull  low  cycle  fatigue  tests  conducted  in  air  at 
1000°C. 

A  comparison  of  these  data  on  Rene  80,  however.  Indicated  that  whilst  there  is  a 
significant  effect  due  to  environment,  viz  the  fatigue  strength  is  higher  in  vacuum 
than  in  air,  there  is  no  difference  between  material  in  the  coated  and  uncoated 
conditions  within  a  particular  environment.  Fig.  18. 

Although  this  situation  would  be  expected  to  be  maintained  in  long-term  tests 
conducted  in  vacuum,  a  progressive  weakening  of  uncoated  material  compared  with 
coated  might  be  expected  to  occur  in  high  temperature,  long-term  tests  conducted  in 
air.  This  would  be  especially  true  in  thin  section  arterial.  In  the  Rene  80  work 
the  coating  treatswnt  was  incorporated  into  the  normal  quality  heat  treatment 
schedule  for  the  alloy. 

The  effects  of  various  aluminlde  and  plat inum-aluminide  coatings  on  the  reverse 
bend  low  cycle  fatigue  properties  of  IM718LC  and  FSX414  have  been  reported  by 
Strang  (19).  In  tests  which  incorporated  a  30  minute  dwell  period  between  each 
cycle,  at  various  temperatures  between  500°C  and  900°C,  no  significant  differences 
between  coated  and  uncoated  material  were  found  for  durations  of  up  to  700  hours 
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and  1500  hours  In  tha  case  of  PSX414  and  IN738LC  respectively  (Pigs.  19  and  20). 

In  all  of  these  taata  tha  full  quality  haat  traataant  appropriate  for  IN  738LC  and 
PSX414  was  carrlad  out  aftar  coatlnq. 

In  practica  tha  actual  coatlnq  raaponaa  will  ba  tha  caault  of  tha  atraln  cycla 
i apoaad  by  a  combination  of  mechanical  and  thermal  affacta.  As  a  raault  of  thla 
thara  haa  baan  a  nova  towarda  achlavlnq  taata  which  ara  aora  rapraaantatlva  of 
actual  turbina  blada  oparatlnq  conditiona  by  carryln9  out  prograauaad 
tharao-aachanlcal  fatigua  taatad  on  coatad  aatarial.  Whilst  ralatlvaly  little  work 
haa  baan  reported  in  thia  area,  tha  data  reported  indicataa  that  crackinq  la  likely 
to  occur  in  tha  coatlnq  in  ralatlvaly  few  cyclaa  if  a  sufficiently  hiqh  strain 
level  occura  below  tha  coatlnq  transition  taaparatura.  Conversely,  should  tha  peak 
strain  ba  laposed  above  tha  transition  taaparatura,  crack  Initiation  aay  taka  many 
thousands  of  cyclaa  to  occur,  and  ba  in  tha  substrata  below  tha  coatlnq  rather  than 
in  tha  coating  itself. 

On  tha  basis  of  tha  work  reported  to  data  it  can  therefore  ba  concluded  that  thara 
appears  to  ba  no  significant  negative  affect  due  to  coating  on  tha  low  cycla 
fatigua  properties  of  nickel  and  cobalt  auparalloya,  although  prematura  cracking  of 
the  coating  can  occur,  if  it  is  la  too  thick,  or  is  excessively  strained  below  its 
DBTT. 

High  Cycle  Fatigue 

Tha  affects  of  coating  on  tha  high  cycla  fatigue  properties  of  nickel  and 
cobalt-based  superalloy  blading  aiatarial  have  not  baan  coaiprahanslvaly  reported  to 
data.  Various  workers  have  reported  tha  results  of  limited  studies  indicating  that 
tha  application  of  coatings  can  have  both  positive  and  negative  affects.  Tha  wide 
variance  in  coating  Influence  is  due  to  factors  such  as  variations  in  tasting 
techniques,  vlx  push-pull,  rotating  band,  cantilever  bend  and  ao  on,  as  well  as 
variations  due  to  other  factors  such  as  type  of  coating,  method  of  application, 
coating  thickness,  use  or  otherwise  of  a  post-coating  heat  treatment. 

In  a  general  way,  the  high  cycle  fatigue  response  can  be  favorably  influenced  if 
the  coating  provides  a  surface  that  is  fatigue  resistant,  especially  at  low 
stresses,  if  favorable  residual  stresses  are  Introduced  as  a  result  of  the  coating 
deposition,  or  if  the  coating  protects  the  substrate  from  the  environment.  On  the 
other  hand,  the  fatigue  lives  could  be  reduced  if  the  coating  is  less  fatigue 
resistant  than  the  substrate,  if  the  diffusion  tone  which  usually  exists  between 
the  coating  and  the  substrate  significantly  reduces  the  load  bearing  capability  of 
the  coating/substrate  composite,  or  if  unfavorable  residual  stresses  are  Introduced 
during  coating  deposition. 

Bartoccl  (50)  found  that  alumlnlde  coatings  lowered  the  107-cycle  fatigue  strength 
of  the  alloy  SEL  15;  the  thicker  the  coating  the  greater  the  effect.  In  tests 
performed  at  815°C,  25  and  50  micron  thick  coatings  reduced  the  10  cycle  fatigue 
strength  by  approximately  81  and  151  respectively,  even  though  a  post-coating  heat 
treatment  had  been  carried  out.  Similar  reductions  in  the  fatigue  strength  of 
aluminide  coated  U500  have  been  observed  by  Setts  (51)  in  tests  conducted  at  734°C. 

Pack  aluminising  was  also  reported  by  Llewelyn  (52)  to  lower  fatigue  strength  of 
Nimonlc  105  tested  at  900°C,  but  use  of  a  corrective  post-coating  heat  treatment 
improved  the  fatigue  strength  beyond  thst  of  the  uncoated  alloy.  Belgaew  et  al. 

(53)  reported  that  protection  of  the  nickel  base  alloy  ZhSiU  with  aluminide 
coatings  did  not  reduce  fatigue  strength  at  9 50°C  and  1000°C  and  led  to  improved 
properties  at  RT  provided  coating  thicknesses  were  controlled  to  between  40  and  60 
microns.  At  thicknesses  of  greater  than  60  microns  premature  failure  occurred 
primarily  aa  a  result  of  cracking  in  the  less  ductile  aluminide  layer. 

Improvements  in  the  room  temperature  fatigue  properties  of  aluminide  coated  nickel 
and  cobalt  based  alloy  have  also  been  reported  by  Puyear  (54)  as  well  as  by  Lane 
and  Geyer  (56). 

A  more  comprehensive  study  of  the  effects  of  pack  aluminide  coatings  on  the  high 
cycle  fatigue  properties  of  nickel  based  alloys  haa  been  reported  by  Paakelt,  Boone 
and  Sullivan  (56).  In  studies  conducted  on  0700  in  the  temperature  range  RT  to 
900°c,  using  reverse  bend  specimens,  they  were  able  to  demonstrate  that  application 
of  a  75  micron  thick  aluminide  coating  could  lead  to  improved  properties  in  the 
temperature  range  RT  to  500°C  and  impaired  properties  at  temperatures  between  500°C 
end  900°C,  Pig.  21.  The  enhancement  of  properties  in  the  lower  temperature  range 
was  attributed  to  the  aluminide  coating  having  a  higher  crack  initiation  resistance 
than  the  substrate.  This  was  based  on  data  indicating  that  the  room  temperature 
yield  strength  of  NiAl  is  greater  than  689NPa  at  strain  rate  equivalent  to  that 
achieved  in  these  testa.  A  room  temperature  endurance  limit  of  approximately 
448MPa  is  therefore  not  inconalstant  for  a  material  consisting  principally  of  NiAl 
phase.  It  is  of  interest  to  note  that  in  spite  of  the  substrate  strength  being 
lower  then  that  of  the  coating,  initiation  is  reported  to  occur  at  RT  in  the 
coating.  As  the  temperature  increases  the  endurance  limited  for  NiAl  decreases 
while  that  for  the  substrate  increases,  at  least  up  to  •OO'x.  A  cross  over  in 
properties  therefore  occurs  with  the  result  that  above  550°C  the  coated  material  is 
marginally  weaker.  This  occurs  in  spite  of  a  post-coating  corrective  treatment 
being  carried  out  and  is  a  reflection  of  the  relative  propertiea  of  coating 
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and  subitrate.  At  900°C  tha  fatigue  propart  la*  of  coating  and  uncoated  U700  ara 
tha  sane  and  it  aay  ba  that  at  at  i  1 1  higher  temperatures,  dua  to  a  further  croas 
ovar  affect,  coatad  materiel  la  again  auparior,  dua  to  tha  aubatrata  being 
protactad  (roa  oxide  fingering  af facta  lsadinq  to  tha  early  failure  of  tha 
■atar  ial. 

In  aora  recant  work  tha  push-pull  hlqh  cycle  fatigue  propartlaa  of  platlnua 
aluainide  and  plaaaa  apray  overlay  coatad  IN716LC  and  IN919  have  bean  evaluated  by 
Grunling  at  al.  (57)  in  collaboration  with  othar  COST  50  Round  II  workers 
(58,59,(1).  Taata  on  LDC2  and  RT22  coatad  IM716LC  conducted  at  650°C  and  850°C 
indicate  that  provided  tha  appropriate  quality  haat  traataant  la  carried  out  aftar 
coating  there  la  no  algnificant  loaa  in  tha  high  cycla  fatigue  atrength  and  in  aoae 
caaaa  an  improvement.  Thaae  data  ara  aupported  by  independent  atudiaa  on  RT22 
coatad  IN718LC  conducted  at  750°C  by  Cooper  (61). 

In  tha  atudiaa  deacribed  above,  initiation  of  tha  fatigue  crack  alwaya  occurred  in 
tha  aubatrata  and  not  in  tha  coating  and  aa  auch  it  can  ba  argued  that  tha  coating 
haa  no  negative  affect.  Thia  waa  however  raveraad  whan  samples  ware  aged  prior  to 
tasting.  Thia  raaultad  in  a  lowering  of  the  fatigue  atrength  and  tha  obaarvation 
of  initiation  occurring  in  the  coating.  Mhllat  othar  evidence  indicatea  that O 
-platelets  fora  below  the  diffusion  zone,  these  play  no  part  in  reducing  the 
fatigue  strength  in  the  section  thicknesses  considered  here,  viz  appproxiaately 
4nm.  It  auat,  therefore,  be  concluded  that  aoae  reduction  in  the  strength  and/or 
ductility  of  the  coating  occurs  and  that  aay  be  in  part  responsible  for  effects 
observed. 

Suaaarlting  the  effect  of  coatings  under  cyclic  conditions,  it  may  ba  suggested 
that  in  order  not  to  degrade  the  fatigue  properties  of  a  substrate  ovar  the  entire 
range  of  cyclic  strassea,  tha  coating  auat  have  not  only  the  ductility  of  the 
substrate  at  high  staas  levels  (LCF)  but  auat  also  have  the  strength  of  the 
substrate  at  low  straaa  levels  (HCF),  i.e.  high  yield  strength  or  low  elastic 
modulus.  In  addition,  the  coating  auat  protect  the  substrata  froa  oxidation  during 
high  teaperatura  exposure.  A  coating  with  optiaua  properties,  therefore  will  have 
to  be  tailored  to  the  substrate  by  controlling  the  composition,  ductility,  and 
strength. (46) 

Thetaal  Fatigue 


In  aany  raapacts  tha  thermal  fatigue  behaviour  of  coated  auparalloys  alght  be 
expected  to  be  similar  to  that  observed  in  low  cycle  fatigue  studies  on  these 
materials.  The  overall  observations  on  the  ef tacts  of  coating  thickness,  coating 
ductility,  control  of  the  applied  strain  cycle,  and  so  on,  are  all  equally 
applicable,  as  are  the  remarks  made  regarding  coating  integrity.  Additionally, 
however,  as  has  bean  demonstrated  by  Strangman  (62),  the  degree  of  therstal 
expans. on  mismatch  between  the  coating  and  substrate  must  ba  considered  since  this 
is  likely  to  be  the  major  source  of  strain  generated  in  the  coating  during  thermal 
cycling.  Large  differences  in  thermal  expansion  coefficients  between  a  coating  and 
its  substrata  may  lead  to  premature  cracking  in  the  coating,  particularly  if  tha 
coating  it  thick  and  peak  strains  occur  below  the  coating  DBTT.  These  cracks  may 
in  turn  propagate  into  the  substrate  during  further  thersMl  fatigue  cycles, 
ultimately  leading  to  failure  of  the  component. 

Selection  of  coatings  for  each  application  must  therefore  be  based  not  only  o,t 
their  corrosion  resistance  but  also  on  their  DBTT  and  compatibility  with  the 
substrate  alloy  in  terms  of  their  thermal  expansion  properties.  In  general  terms 
it  may  therefore  be  considered  that  the  most  important  overall  mechanical  property 
of  a  coating  is  its  resistsnce  to  thermal  fatigue  cracking.  In  spite  of  such 
observations,  however  relatively  few  data  on  the  thermal  fatigue  properties  of 
coated  superalloys  have  been  published,  which  in  addition  are  difficult  to 
Interpret  due  to  the  large  variety  of  specimen  shapes  and  testing  cycles  used  as 
well  as  the  varying  definitions  of  what  constitutes  specimen  failure  . 

Boone  and  Sullivan  (61)  have  Investigated  the  effects  of  aluminide  coatings, 
produced  by  Inward  and  outward  diffusion  processes,  on  the  thermal  fat 'qua 
properties  of  a  number  of  nickel  and  cobalt-based  superalloys,  incl  U700  and 

Ml-52.  The  results  indicated  that  in  polycrystalline  substrates  inward-type 
aluminide  coatings  generally  Improved  fatigue  performace  while  the  outward-type  was 
detrimental.  These  differences  are  explained  in  terms  of  the  microstructures  of 
the  coatings.  The  fine  grained  structure,  characteristic  of  the  outer  layer  of  the 
inward-type  aluainide,  appears  to  inhibit  crack  initiation,  while  the  coarse 
grained  columnar-like  structure  of  the  outward  type  is  less  resistant. 

Some  other  results  of  thermal  fatigue  testing  of  coated  and  uncoated  superalloys 
ara  summarised  in  Fig.  22.  It  was  further  found  (64,65,66)  that  coatings  on 
OB-alloys  generally  did  not  improve  the  thermal  fatigue  resistance,  but  it  should 
be  recognised  that  M-materials  are  already  vastly  superior  to  their 
polycristalline  counterparts.  It  has  also  been  observed  that  even  where  coatings 
led  to  an  improveawnt  of  the  thermal  fatigue  strength,  once  initiation  had 
occurred,  the  crack  growth  into  the  substrate  was  faster  than  in  the  n on-coated 
alloy  (67)  Fig  21. 


II  IN 


Cycling  coated  and  uncoatcd  Glenny  dlaca  tn  IN738LC  between  950°  and  40°C  showed 
that  on  dlica  giving  rise,  due  to  their  geoaatry,  to  high  strain  levels  during 
theraal  cycling,  a  detrlaental  effect  by  LDC-2  coatings  was  observed  while  the  saae 
coating  on  discs  involving  saaller  maximum  strain  levels  induced  a  significant 
iaproveaent  of  theraal  fatigue  realstance. (14) 

CONCLUDING  REMARKS 

Whilst  there  continue  to  be  a  nuaber  of  technical  difficulties  associated  with  the 
use  of  aluainide  coatings  on  certain  superalloy  substrates,  these  are  aore  than 
outweighed  by  the  overwhelaing  advantages  offered  by  this  type  of  systea  for  the 
protection  of  high  teaperature  gas  turbine  components.  The  cheap  and  effective 
aluainide  systeas  developed  for  the  protection  of  aero  engine  components  have  been 
extensively  developed  to  the  extent  that  they  are  also  currently  finding 
applications  in  long  life  industrial  gas  turbine  systems. 

These  coating  systeas  are  generally  well  understood,  can  be  applied  with  confidence 
and  efficiency  to  complex  shaped  components  and  provide  protection  for  aany 
thousands  of  turbine  hours  in  agrassive  environaents.  Blade  repair  and  recoating 
processes  are  now  well  developed  and  can  be  applied  with  a  high  degree  of 
reliability  and  quality  control,  thus  extending  the  potential  lives  of  aany  gas 
turbine  components.  This  approach  is  not  only  cost  effective  but  also  conserves 
energy  as  well  as  strategic  taw  aaterials. 

Whilst  the  use  of  aluainide  coatings  is  clearly  cost  effective  care  must  be 
exercised  in  ensuring  that  they  continue  to  be  applied  to  superalloy  systeas 
without  prejudice  to  their  mechanical  properties  and  hence  life  of  the  components. 
In  this  respect  it  is  Important  to  ensure  that  the  coating  systea  is  properly 
matched  to  the  alloy  heat  treataent  in  order  that  no  losses  are  incurred  in  the 
basic  mechanical  properties  of  the  material.  Coating  thicknesses  should  be 
optiaised  such  that  the  required  degree  of  protection  is  obtained  without  the  risk 
of  preaature  cracking  due  to  high  strain  and/or  theraal  fatigue  effects  in  the 
component.  A  continuing  high  standard  of  quality  control  should  be  exercised  in 
order  to  ensure  that  defective  coatings  are  not  put  into  turbines,  thus  ainiaising 
the  risk  of  component  failure  due  to  sub-critical  crack  growth  processes  during 
service. 

As  is  evident  from  the  above,  the  use  of  aluainide  coatings  as  a  cheap  and 
efficient  palliative  to  high  teaperature  corrosion  in  gas  turbines  will  continue 
well  into  the  future.  There  is  however  need  for  further  development  work,  not  only 
in  laproving  the  coatings  theaselves,  but  also  in  their  practical  application.  Pot 
example,  ODS  alloys  and  carbide  fibre  reinforced  eutectic  alloys  are  still 
difficult  to  coat  effectively  using  aluainide  systeas.  Improved  processes  are  also 
required  for  protecting  Internal  passages  in  cooled  blades.  The  use  of  alloying 
additions  or  A1,0,  Particles  to  aluainide  coatings  should  be  investigated  in  an 
attempt  to  improve  their  aechanical  properties,  in  particular  ductility.  The 
effect  of  coatings  on  the  aechanical  properties  of  thin  section  superalloys  is  not 
yet  fully  understood.  Finally  whilst  the  quality  control  exercised  in  the 
production  of  cosusercial  coatings  is  generslly  high  there  are  no  internationally 
accepted  NDT  and  quality  control  standards  for  coatings.  The  development  of  such 
procedures  could  only  improve  the  overall  effectiveness  and  reliability  of  the  aost 
cost  effective  coating  systea  developed  to  date. 
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ABSTRACT 

The  application  of  three  coating  techniques  to  problems  of  fuel  economy  or  materials 
substitution  is  described.  The  coating  techniques  are  plasma  spraying,  Sputter  Ion 
Tlating  (SUM  and  1'lasma  Ass l ted  Vapour  Deposition  (PAVD),  and  the  applications  range 
from  thin  coatings  for  nuclear  and  aerospace  use  to  free  standing  furnace  element** 

INTRODUCTION 

Surface  coatings  are  asssuming  an  ever  increasing  importance  in  many  spheres  of 
industrial  activity  especially  when  the  use  of  relatively  small  quantities  of  high 
performance  materials  can  significantly  extend  the  operational  range  of  inferior 
sjbstrates.  Thus,  coating  technology  is  particularly  relevant  for  materials  substitution 
and  fuel  economy.  The  objective  of  this  paper  is  to  present  an  account  of  three  coating 
techniques  that  are  being  exploited  at  Harwell  with  examples  of  their  application  that 
are  appropriate  to  this  theme.  The  emphasis  has  been  biased  towards  the  applications  and 
materials  development  rather  than  tin  the  processes  themselves.  Two  of  the  techniques, 
plasma  assisted  vapour  deposition  (PAVD)  and  sputter  ion  plating  (SIP),  deposit  thin 
films,  while  the  third,  plasma  spraying,  produces  thick  coatings. 

PLASMA  SPRAYING 

Plasma  spraying  is  one  member  of  a  family  of  coating  processes  known  generically  as 
flame  or  thermal  spraying.  In  the  plasma  process  the  heat  source  is  an  electric  arc 
ut ruck  between  two  electrodes,  the  anode  of  which  serves  as  a  nozzle* Making  the 
diameter  of  the  latter  smaller  than  that  of  the  free-burning  arc  results  in  very  high 
current  densities  which  generate  temperatures  up  to  20,000*K  and  force  the  ionised  gases 
U.e.  a  plasma)  to  be  ejected  as  a  jet  with  velocities  up  to  and  exceeding  the  speed  of 
sound.  Such  arc-plasmas  serve  as  efficient  sources  of  kinetic  and  thermal  energy.  Most 
devices  use  argon  or  nitr<.>gen  as  the  main  plasma  gas,  often  with  small  additions  of 
hydrr.gen  and  operate  at  power  levels  between  20  and  BOKW. 

The  coating  material,  in  powder  form,  is  injected  into  the  plasma  at  a  position 
mainly  determined  by  its  thermal  character i st les .  Because  of  the  high  temperature  and 
inert  nature  of  plasmas  and  also  since  residence  times  for  the  particles  are  typically  no 
longer  than  a  millisecond  almost  any  material  can  be  sprayed  provided  it  melts  without 
significant  dissociation  or  evaporation.  Thus,  many  metals,  ceramics  and  even  some 
plastics  can  be  sprayed.  However,  as  far  as  the  substrate  is  concerned  plasma  spraying 
is  effectively  a  cold  process  and  so  it  is  possible  to  coat  a  wide  range  of  materials 
including  those  nf  low  melting  point  with  minimum  risk  of  oxidation  or  distortion. 
Substrate  preparat ion  usually  consists  of  degreasing  and  blasting  with  alumina  grit  to 
provide  a  surface  texture  onto  which  the  sprayed  particles  can  quench  and  adhere. 

Plasma  spraying  is  a  rapid  process  which  can  deposit  thick  coatings  (  0.1-2. 0mm)  and 
does  not  require  the  use  of  .  n  inert  chamber.  Sprayed  coatings  have  a  unique 
anisotropic,  lamellar  structure  (Fig.  1)  built  up  from  splat -quenched  particles  with  an 
ultra-fine  microstructure  and  often  containing  metastable  phases*^),  Their  major 
limitation  is  residual  open  porosity  which  results  from  the  rapid  solidification, 
material  shrinkage  and  gas  entrapment.  In  some  cases,  if  the  economics  allow, 
post-coating  treatments  such  as  sealing,  shot-peeni ng ,  hipping  or  laser-glazing  are  used 
to  reduce  this  porosity.  For  the  important  class  of  MCrAlY  overlays  considerable  claims 
are  made***  for  the  use  of  low  pressure  plasma  spraying  to  produce  met  a  1 lury ica 1 ly 
bonded  coatings  the  microstructure  of  which  is  refined  by  annealing  with  the  plasma  in 
either  the  transferred  or  non-t ransf erred  arc  mode. 

An  important  pre-requisite  for  successful  plasma  spraying,  especially  with  ceramic 
materials,  is  to  have  well  characterised  free-flowing  powders.  Single-  or  multi¬ 
component  oxide  coatings  are  frequently  used  and  their  spray  powders  are  made 
conventionally  by  crushing  the  fused  ceramic  followed  by  selective  milling  and  siting, 
which  for  hard  substances,  can  often  be  lengthy,  dusty  snd  energy-consuming  processes. 
Improvements  in  coating  quality  are  obtained  from  the  use  of  small  part  ids  site  <e.g. 
*-2S  am)  but  this  frequently  results  in  bad  flow  proparties. 

Methods  based  on  gel  processing  have  been  developed  at  Harwell  to  prepare  a  range  of 
powders  suitable  for  plasma  spraying**'.  Typcially  a  concentrated  aqueous  dispersion 
of  sn  oxide  or  oxide  mixture  is  gelled  by  some  appropriate  means  to  give  spherical 
particles  of  the  required  site  which  are  then  calcined  to  yield  free-flowing  powders. 

More  recent  developownts**’  heve  enabled  a  small  quantity  of  a  sol  to  be  used  as  a 
"vehicle”  into  which  relatively  large  amounts  of  ceramic  powder  can  be  carried  aa  a 
"passenger"  yielding  non-sedimentary  dispersions  of  even  higher  concentrations.  The 


latter  are  added  to  an  immiscible  solvent  and  agitated  to  a  predetermined  degree  to  form 
spherical  pat  tides  of  the  required  size  and  simultaneously  gelled  by  any  one  of  several 
t  echn l ques . 

The  extremely  small  particle  size  <'*150A)  in  the  sols  and  also  of  the  passenger 
material  (typically  2  wm)  yields  an  active  oxide  powder  which  readily  allows  full 
reaction  or  sintering  to  take  place  at  relatively  low  temperatures.  For  example,  high 
density  spheres  of  fully  stabilised  zirconia  can  be  formed  at  only  900*C.  Many 
homogeneous,  multicomponent  oxide  systems  have  been  prepared  as  free-flowing  powders  down 
to  S  em  diameter  by  either  conventional  sol-gel  methods  or  by  the  gel  vehicle  route. 
Typical  products  are  shown  in  figure  2.  The  principle  advantages  of  gel  processes  over 
traditional  powder  fabrication  routes  are  control  of  particle  size  (and  shape),  materials 
economy,  energy  saving  (low  temperature  firing)  and  reduction  of  the  dust  hazards 
associated  with  crushing  and  sieving.  The  o»!  vehicle  route  offers  further  benefits 
through  less  use  of  expensive  sol,  low  shrinkage  on  calcining  the  gel  and  substantial 
reduction  in  processing  costs. 

The  scope  of  plasma  spraying  at  Harwell  has  been  further  extended  by  developing  it 
an  a  fabrication  technique'6*.  If  a  plasma  sprayed  coating  is  deposited  on  a  mandrel 
which  is  subsequently  removed  by  some  appropriate  means  then  a  discrete  *f ree-atanding" 
artefact  remains  which  accurately  reproduces  the  mandrel  shape.  The  method  is 
particularly  suitable  for  preparing  'one-off'  or  prototype  components.  Its  main 
advantages  are  (i)  the  preparation  of  items  from  materials  which  are  difficult  to  machine 
ft  process  by  conventional  -  tes  but  which  can  be  sprayed,  (ii)  the  processing  of  pure 
materials  without  the  use  of  .iditives,  (iii)  the  preparation  of  thin  sections  or  complex 
shapes  and  (lv)  the  manufacture  of  high  density  components  which  can  frequently  be  used 
without  any  subsequent  heat  treatment. 

One  of  the  earliest  uses  of  Harwell  plasma  sprayed  sol-gel  materials  was  in  the 
development  of  high  temperature  fuel  cells  using  l6.9w/o  yttria  stabilised  zirconia 
an  the  electrolyte^'*.  The  operating  principle  of  such  cells  depends  on  the 
diffusion  of  negative  oxygen  ions  through  vacancies  in  the  oxygen  sub-lattice.  Provided 
suitable  electrodes  are  attached  to  either  side  of  the  ceramic  the  ions  are  transported 
br<»m  an  oxygen-rich  atmosphere  to  an  oxygen-deficient  atmosphere  and  an  electric  current 
can  be  drawn  from  the  cell.  Above  BOO*C  the  anion  mobility  is  sufficient  for  useful 
power  generation.  Such  cells  are  attractive  because  they  have  no  moving  parts,  the 
electrolyte  is  invariant  with  a  long  life  and  they  can  operate  at  high  electrochemical 
efficiency  on  a  variety  of  hydrocarbon  fuels  and  air  without  the  use  of  the  expensive 
precious  metal  catalysts  required  for  low  temperature  fuel  cells.  To  avoid  power  loss 
through  internal  resistance  working  units  were  composed  of  thin  (•'200  «m)  spray  formed 
tubes  interconnected  by  an  e lect : on l ca 1 iy  conducting  material  compatible  with  both 
oxidising  and  reducing  conditions.  The  latter-Nb^O^  doped  TiO^-was  also  produced 
by  gel  processing  and  deposited  by  plasma  spraying.  A  third  gel  processed  oxide,  SnO^ 
doped  In^Oj,  served  as  the  air  electrode. 

As  fabricated  the  thin  electrolyte  tubes  were  slightly  permeable  to  air  and  more  so 
t<  hydrogen .  The  residual  porosity  reponstble  for  this  was  removed  by  sintering  the 
components  at  1B00*C  in  a  zirconia  tube  furnace.  The  elements  for  the  latter  were  also 
fabricated  by  plasma  spraying  stabilised  zirconia  and  could  be  operated  as  resistors  or 
susceptors  (a  resistor  version  is  shown  in  figure  3).  The  high  purity  of  the  sol  gel 
materials  enabled  susceptors  to  rea  .»  2400*C  whereas  comparable  tubes  spray  formed  from 
c'xxmerc l a  1 ly  available  powders  suffered  serious  loss  in  mechanical  strength  above 
l  7uu’(  . 

A  combination  of  high  temperature  fuel  cells  and  zirconia  furnaces  has  been  proposed 
recently  for  the  production  of  hydrogen  by  the  thermolysis  of  water^®*.  This  could 
f>e  an  important  development  for  a  hydrogen  based  economy,  piped  hydrogen,  for  example, 
avoiding  the  high  energy  losses  occurring  during  the  conventional  transmission  of 
electrical  power.  Zirconia  furnaces  with  elements  made  by  the  Harwell  route  are  being 
used  in  the  manufacture  of  optical  fibres.  The  reliable  production  of  a  high  quality 
fibre  will  play  an  important  role  in  reducing  the  quantity  of  copper  used  in  cable. 

Fusion  reactors  are  expected  to  play  a  vital  role  in  the  long  term  strategy  of  the 
developed  nations.  To  achieve  steady  state  operation  in  such  reactors  devices  called 
'limiters*  are  incorporated  primarily  to  prevent  unstable  plasmas  damaging  their  toroidal 
confinement.  In  an  experimental  reactor  such  as  the  Joint  European  Torus  (JKT)  limiters 
must  withstand  energy  impulses  of  at  least  2KWcm~*  at  1S00*C  from  intense  proton 
bombardment •  Conventionally  limiters  are  constructed  from  copper  faced  with  either 
molybdenum  or  tungsten  but  unfortunately  contamination  of  the  plasma  by  refractory  atoms 
can  have  a  cooling  effect.  However,  materials  of  low  atomic  number  could  avoid  this 
problem  and  some  work  has  been  carried  out  to  evaluate  whether  plasma  sprayed  oxides 
could  meet  the  requirement***.  Under  carefully  controlled  conditions  materials  such 
as  Al^Oj,  MgAljO*  and  TiOj  have  been  sprayed  onto  copper.  These  have 

subsequently  withstood  repeated  thermal  cycling  up  to  800*C  and  irradiation  by  ion  beams 
of  2KeVb^^  ions  without  degradation.  Figure  4  shows  the  surface  of  a  TIO2  coating 
after  this  treatment  and  it  is  indistinguishable  from  that  of  an  as-sprayed  coating. 

The  desirability  of  using  cheaper  but  often  more  corrosive  fuel  together  with 
increased  operating  temperature  to  achieve  better  efficiency  from  both  turbines  and 
reciprocating  engines  has  resulted  in  higher  levels  of  damage  from  corrosion  and  thermal 
stress.  Corrosion  arises  from  liquid  salts  formed  on  combustion  from  Ns,  S  and  V 
impurities  commonly  present  in  lower  grade  oils#  while  the  higher  temperatures 


are  responsible  (or  faatar  oxidation  ratas  and  stress  cracking.  Tha  noil  vuinarabla 
components  ara  tha  bladaa  and  coaibuation  cana  in  turbines,  and  platona,  valvaa  and 
cylinder  haada  in  diaaal  anginaa.  Improvements  in  coating  tachnology  wilt  ba  vital  in 
conbating  thaaa  problaaia.  Tor  axaaipla,  pack  aluminlsing  or  tha  application  of  KCrAlY 
ovarlaya  by  low-pressure  plaaaia  spraying”*  and  othar  tachnlquaa  hava  provad  vary 
affactiva  in  conbating  oxidation  of  turbine  bladaa.  Conaidarabla  affort  ia  alao  baing 
axpandad  world-wide  to  davalop  thermal  barriar  coatinga  which  raaiat  tha  highar  gaa 
taaparaturaa  but  kaap  tha  aubatrata  tamparatura  ba low  tha  critical  lavala  for  oxidation 
and  mechanical  failure.  Bacauaa  of  thair  low  thermal  conductivity  (  1-2  Ma~‘  *C) 
plaaaia  aprayad  xirconia  baaad  ceramics  ara  currantly  tha  Most  favourad  matarlals.  Thair 
aain  diaadvantaga  ia  inadaquata  raalstanca  to  tharaal  cycling  and  shock  (or  raaliatic 
lifetiaa  aapacially  in  aaro  gas  turbina  appl icat ions .  Figure  5  shows  a  small  turbina 
blada  coated  with  .lam  of  NtCrAlY  and  a  1 2“/oY20 j-ZrOj  (  ,4ias)  darivad  (roa  gel 
processed  powder.  The  ceramic  did  not  (all  until  some  2000  cycles  (each  of  10  minutes  at 
1100*C  and  lOaina  in  a  cold  fluidised  bad)  and  considerably  out  perforated  comeerci al ly 
available  coating  materials  subjected  to  Identical  taste-  No  oxidation  of  the  substrate 
is  apparent  beneath  the  NtCrAlY  even  though  this  was  air  plasma  sprayed.  In  contrast 
unprotected  areas  of  the  substrate  suffered  conaidarabla  oxidation  during  the  test. 

Kvernes  and  colleagues  have  developed  thermal  barrier  coatings  for  diesel 
appl icat ions  *  * 0 > .  In  particular  they  found  that  a  triplex  coating  of 
NiCrAlY-Cr-Y^Oj/ZrOj  (composition  unspecified)  showed  no  degradation  after  6000 
hours  in  service  testing  in  large  bore  marine  diesel  engines.  Plgure  6  shows  typical 
diaaal  exhaust  valves  coated  at  Harwell  with  a  metallic  bond  and  up  to  2am  of  various 
ZrOj  materials.  In  laboratory  tests  such  coatings  hava  survived  severe  thermal  testing 
with  oxy-acety lene  flames  but  their  long  term  behaviour  remains  to  be  evaluated. 

PAVD  COATINGS 

In  Plasma  Assisted  Vapour  Deposition  (PAVD)  the  samples  to  be  coated  ara  either 
suspended  or  supported  in  a  glass  reaction  vessel  (normally  silica)  and  tha  samples  ara 
connected  to  earth.  The  glass  reaction  vessel  may  be  evacuated  by  means  of  a  rotary 
pump,  and  a  range  of  gases  may  be  fed  into  the  vessel  from  a  gas  handling  isanifold  where 
their  individual  flow  rates  are  accurately  monitored  by  means  of  mass  flow  controllers. 
The  pumping  speed  and  rate  of  supply  of  gases  to  tha  reaction  vessel  ara  controlled  so  as 
to  give  a  pressure  in  the  reaction  vessel  of  a  few  mbar.  In  the  simplest  form  of 
apparatus,  a  helical  RP  induction  coll  is  present  around  tha  glass  reaction  vessel  level 
with  the  samples.  When  the  coll  is  energised  an  axial  magnetic  field  is  produced  which 
causes  saxqiles  to  be  heated  according  to  their  magnetic  susceptibility)  in  practice  it  is 
found  that  most  metals  are  readily  heated  to  at  least  BOO'C  in  the  system.  If  the  sample 
teaqierature  is  raised  to  800*0  or  above  (depending  on  tha  reactive  gases  present  in  the 
system)  then  a  thermally  activated  reaction  is  liable  to  occur)  since  the  reaction  occurs 
at  the  hot  substrate  this  naturally  results  in  a  coating  on  the  surface.  This  is  the 
basis  of  chemical  vapour  deposition  (CVD)*11*  and  deposition  can  occur  at  atmospheric 
pressure  as  well  as  at  pressures  down  to  a  few  mbar  (where  tha  technique  becomes  known  as 
low  pressure  OVD  (LPCVD)).  However  the  energised  BP  coll  also  produces  a  radial  electric 
field  between  the  samples  (at  earth  potential)  and  itself.  In  the  pressure  range  1-10 
mbar  this  results  in  a  glow  discharge  formed  within  the  gas  and  a  high  excitation  rata 
for  the  gas  molecules  present.  These  activated  gas  atoms  and  molecules  are  far  more 
likely  to  react  and  since  the  greatest  electric  field  exists  at  the  surface  of  the 
saieples,  then  a  coating  is  likely  to  result.  The  region  of  high  electric  field  close  to 
the  sample  surface  (the  plasma  Shaath)  follows  closely  the  contours  of  the  surface 
allowing  uniform  coating  over  complex  surface  geometries.  This  phenomenon  was  well 
illustrated  by  the  original  use  at  AERE  of  the  PAVD  process  i.e.  that  of  coating 
continuous  tows  of  7  am  diameter  carbon  fibres*3^*.  Ten  thousand  of  the  carbon 
fibres  were  passed  along  the  axis  of  the  chamber  together  and  a  plasma  sheath  formed 
around  each  individual  fibre  and  resulted  in  uniform  coatlngtin  this  case  of  silicon 
carbide ) . 

By  suitable  arrangements  of  the  magnetic  and  electric  fields,  samples  can  be  coated 
by  PAVD  at  any  temperature  required  and  with  a  wide  range  of  materials.  Experiments  at 
Harwell  have  been  largely  restricted  to  silicon-based  coatings,  and  two  applications  of 
these  coatings  will  be  described  in  some  detail. 

Silicon  carbide  and  silicon  nitride  coatings  have  been  studied  as  wear  resistant 
surfaces,  and  a  particular  example  of  relevance  to  the  thexMS  of  the  conference  is  the 
application  to  fibre  heaters.  Yarn  ia  heated  to  thermally  ’fix’  a  twist  in  the  fibres  by 
passing  the  fibres  over  a  hot  surface  under  tension,  which  requires  a  substrate  material 
with  good  thermal  properties  and  resistance  to  wear  from  the  abrasive  particles  used  as 
delustrants  in  the  yarn.  An  ideal  bulk  material  would  be  brass  since  it  is  inexpensive 
and  has  excellent  thermal  properties,  but  the  wear  resistant  is  inadequate. 
Herd-chromium-plated  bress  has  been  employed  with  soaw  success,  and  the  plating  has  the 
added  advantage  of  producing  an  ideal  surface  topography  for  fibre  contact)  however,  even 
with  thick  chromium  deposits  the  component  lifetime  was  limited.  Brass  heater  shells 
(hard-chromium-plated)  were  coated  by  PAVD  with  silicon  carbide  (on  which  the  favoured 
topography  was  faithfully  maintained  by  the  PAVD  coating)  and  the  resulting  surface 
carbide  proved  to  be  far  more  resistant  to  wear  by  the  fibres.  A  heater  shell  (which  had 
been  used  prior  to  PAVD  coating)  is  shown  In  Figure  7,  after  PAVD  coating  with  silicon 
carbide  at  about  110'C. 

PAVD  is  currently  being  used  to  develop  silica  coatings  for  applications  to  the 
British  Advanced  Gas-Cooled  Reactor  (AGR)  programme* 13  • .  The  fuel  for  the  AGR  is 
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in  the  iorm  of  UOj  pellets  packed  under  pressure  into  a  15mm  diameter  20%Cr/25%Ni 
niobium-stabilised  stainless  steel  (20/25/Nb)  can  (termed  the  'cladding*)*  the  length  of 
the  sealed  tube  (or  fuel  'pin')  being  approximately  1  metre.  Chemical  interactions 
t*»tween  the  cladding  of  the  fuel  pins  and  the  carbon  dioxide  based  reactor  coolant  can 
affect  the  performance  of  the  fuel  in  two  principal  ways.  In  the  first,  oxidation  of  the 
cladding  leads  to  a  loss  of  section  by  general  and  localised  attack  which  reduces  the 
capability  of  the  cladding  to  contain  the  fission  gas  pressure  within  the  fuel  pin  in  the 
event  of  a  reactor  dopressur i sat  ion  incident.  The  second  effect  is  that  the  Fe  and  Ni 
constituents  of  the  oxides  formed  on  the  pin  surface  catalyse  the  formation  of 
carbonaceous  deposits  onto  the  pin,  which  impair  its  heat  transfer  character i st i cs « 

These  deposits  derive  from  the  radiation  and  thermal  induced  degradation  of  the 
precursors  formed  from  the  methane  and  carbon  monoxide,  which  are  added  to  the  coolant  to 
limit  the  corrosion  of  the  graphite  moderator. 

There  is  a  considerable  economic  incentive  to  exploit  the  development  potential  of 
the  lAiiR  system  by  extending  the  target  mean  burn-up  of  fuel  from  the  current  lH  GWd/tU 
to  at  least  24c»Wd/tU  and  even  possibly  to  30  GWd/tU.  This  extended  burn-up  would  reduce 
fuel  cycle  costs  both  at  the  fabrication  and  reprocessing  stages.  However  any  extension 
m  the  dwell  time  of  fuel  in-reactor  obviously  increases  the  extent  of  oxidation  of  the 
cladding.  It  is  prudent  therefore  to  investigate  means  of  reducing  the  oxidation  of  the 
cladding  and  the  use  of  protective  coatings  is  one  such  technique.  In  addition,  these 
coatings  could  inhibit  the  catalysed  formation  of  carbonaceous  deposits  onto  the  fuel  pin 
surface.  They  would  allow,  therefore,  greater  flexibility  in  the  choice  of  coolant 
composition  to  limit  moderator  corrosion,  leading  to  the  use  of  less  aggressive  coolants 
in  the  reactor  and  hence  to  an  increase  in  moderator  life. 

Silicon  coatings  deposited  onto  small  sections  of  20/25/Nb  fuel  can  by  PAVD  have 
great  1  y  reduced  the  extent  of  oxidation  in  CO2,  as  can  be  seen  in  figure  8.  The  upper 
band  represent*  the  weight  gains  from  a  large  number  of  20/25/Nb  control  samples,  whilst 
the  band  of  low  weight  gains  represents  ten  samples  PAVD  coated  with  SIO2.  In  fact 
this  data  is  biased  against  the  coatings,  since  well  over  90%  of  the  weight  gain  that 
I-***  accrue  on  the  coated  samples  is  from  the  unmachined  internal  surface  of  the  drawn 


tube#  whereas  negligible  oxidation  occurs  on  the  carefully  machined  outer  surface  (which 
is  t he  only  surface  exposed  to  the  reactor  environment).  The  coatings  have  also  been 
shown  to  prevent  metal  catalysed  carbon  deposition  in  tests  in  the  DIDO  reactor  at 
Harwell,  leaving  only  a  thin  pyrocarbon  (which  forms  on  all  surfaces  exposed  to  the  AGR 
;as  mix).  Complete  fuel  pins  have  also  been  coated  by  PAVD  and  tested  in  the  Windscale 
Ai.R,  and  the  results  were  in  line  with  the  small-scale  experiments  described.  Figure  9 


show*  a  PAVD  system  being  used  to  coat  an  AGR  fuel  pin;  a  larger  system  has  now  been 
developed  to  coat  12  fuel  pins  at  each  loading. 

PAVD  coating*  such  as  the  silica  described  above  have  potentially  wider  application 
t"  corrosion  problems,  and  a  programme  in  this  area  has  been  approved  by  the  Commission 
of  the  lur ope an  Communities.  The  programme  entitled  "silicon-rich  metallic  and  ceramic 
coat  trigs  for  substitution  of  chromium  in  high  temperature  technology",  is  being  carried 
*>ut  in  conjunction  with  the  National  Physical  Laboratory  (NPL),  Teddington,  London  and 
Imperial  College  London,  and  also  includes  work  on  coatings  based  on  sol-gel  technology 
and  laser  glaxing. 

SPUTTER  100  PLATING  (SIP) 

SIP  is  a  coating  technique  wb\ch  employs  atoms  and  ions  sputtered  from  solid  plates 
as  the  source  material,  and  a  negative  bias  on  the  sample*  during  deposition  to  control 
the  structure  of  the  coating  as  described  in  a  paper  by  Mattox  and  Macdonald ( *  * ) .  A 
schematic  diagram  of  the  equipment  which  indicates  the  main  features  Is  shown  in  Figure 
lv .  Samples  are  suspended  within  s  stainless  steel  cylinder  and  are  surrounded  with 
plates  of  the  source  material;  electrical  connections  are  made  (separately)  to  the 
samples  and  to  the  plates.  The  stainless  steel  vessel  can  be  heated  with  external 
heaters  and  its  temperature  is  monitored.  Purified  argon,  or  other  gas,  is  passed 
cont 1 nuous 1 y  through  the  costing  chamber  st  s  pressure  of  about  10/d  mbar,  where  d  is  the 
chamber  dimension  in  mm.  A  mechanical  pump  is  sufficient  to  maintain  the  working 
pressure,  provided  s  vent  on  the  costing  compartment  is  designed  with  s  high  aspect  ratio 
such  that  back  diffusion  of  external  contaminating  or  react ivs  gases  cannot  take  placet 
for  a  related  reason  no  condensible  vapour  within  the  enclosure  can  escape.  The  general 
procedure  is  as  follows.  A  flow  of  high  purity  argon  st  reduced  pressure  is  established 
and  further  purified  by  passing  It  through  s  continuously  working  titanium  gstter.  The 
coating  compartment  and  its  contents  are  than  heated  to  about  300*C  to  outgas  all  the 
exposed  surfaces  and  to  establish  a  very  pure  atmosphere,  which  is  important  for  good 
adhesion  of  the  coatings.  In  many  esses,  the  samples  are  then  cleaned  by  ion  bombardment 
to  remove  thin  oxide  layers  and  further  prosxite  adhesion,  but  if  the  naturally  occurring 
oxide  is  tough  and  well  adhered  to  the  parent  metal  ion  cleaning  may  not  be  necessary. 

In  order  to  produce  a  coating  e  large  negative  voltage  (typically  1000V)  is  applied  to 
the  plates  of  source  material  which  causes  s  glow  discharge  to  form  in  the  vessel  and 
argon  tons  bombard  th#  inner  surfaces  of  the  plates.  Atoms  and  ions  of  the  source 
material  are  sputtered  from  the  plates,  and  move  in  s  random  manner  through  the  chamber 
with  a  abort  mean  free  path.  Much  of  the  material  is  redepoaited  on  the  plates,  but 
material  arriving  at  the  sample  surface  (or  eiiposed  parte  of  the  chamber)  sett  lea  to  form 
the  coating.  A  relatively  email  bias  voltage  on  the  samples  (0  to  100V)  results  in  "ion 
polishing"  of  the  nascent  coating^**'  to  form  a  dense  structure  without  significant 
re-sputter ing.  The  use  of  a  DC  bias  limits  the  technique  to  conducting  coatings,  but  the 
subetrstee  may  be  either  insulating  or  conducting,  since  once  the  coating  commences  the 
surfaces  rapidly  btcost  conducting  and  the  bias  effective.  Sputter  Ion  Plating  has  been 
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us»<1  to  deposit  a  wide  rang*  of  metals  and  metallic  alloys,  as  well  as  the  carbides  and 
nitrides  of  Many  Metals,  and  further  details  May  be  found  elsewhere) ‘5 ) . 

Applications  of  the  technique  Include  Materials  conservation  (longer  lifetimes). 

Materials  substitution  and  greater  fuel  efficiency,  and  an  exaMple  of  each  will  Indicate 
the  versatility  of  the  sputtering  method. 

An  area  where  coating  development  is  extremely  active  at  the  current  time  Is  coating 
of  tool  steels  for  wear  resistance.  It  has  been  shown  that  for  many  different  cutting 
processes  the  lifetime  of  the  cutting  tool  can  be  increased  by  a  significant  factor  if  it 
is  first  coated  with  a  hard  layer  of  low  coefficient  of  friction.  Widespread  use  of  such 
tooling  would  then  result  in  a  reduced  consumption  of  tool  steel,  which  is  taking  an 
increased  aMount  of  strategic  materials  as  compositions  become  more  complex.  By  far  the 
most  common  coating  applied  to  tool  steel  is  titanium  nitride,  and  in  SIP  this  is  done  by 
sputtering  titanium  targets  with  a  partial  pressure  of  nitrogen  added  to  the  argon  gas. 
Drills  coated  with  TIN  by  SIP  have  shown  a  factor  of  ten  Improvement  in  useful  cutting 
life,  and  a  range  of  other  tools  have  also  given  encouraging  results.  When  directly 
compared  with  an  uncoated  tool,  a  coated  tool  also  requirsa  less  energy  to  maintain  a 
given  cutting  rate  than  the  uncoated  tool.  Becauae  TIN  is  relatively  straightforward  to 
deposit  and  works  well  in  many  cases,  there  has  so  far  been  little  work  on  alternative 
coatings  which  may  outperform  TIN  in  certain  instances.  It  may  also  prove  possible  in 
the  future  to  combine  a  wear  resistant  coating  with  a  simpler  (and  cheaper)  substrate 
Material.  However,  the  current  emphasis  is  on  improving  existing  tools  with  TIN  on  an 
economic  scale;  the  latest  SIP  system  coats  approximately  1000  small  components  (e.g. 
drills),  per  loading  and  further  development  is  continuing. 

There  is  frequently  a  desire  to  use  a  particular  bulk  material  for  which  the  surface 
properties  are  unsat isfactory.  Por  example,  lightweight  ailoya  such  as  aluminium  or 
titanium  alloys  might  provide  adequate  strength  and  fatigue  properties,  but  have 
inadequate  wear  or  corrosion  resistance,  and  coatings  are  being  assessed  in  a  number  of 
these  situations.  One  such  case  concerns  the  increased  use  of  components  made  from 
titanium  alloys  in  aircraft  engines,  where  the  primary  limitation  on  the  use  of  such 
components  is  the  rate  of  oxidation  at  Increasing  temperature.  If  the  maximum  allowable 
temperature  can  be  increased  by  100’C  by  using  coated  titanium  alloys,  then  very  useful 
savings  in  engine  weight  can  be  made.  It  is  possible  that  SIP  could  be  an  appropriate 
method  for  tackling  this  problem. 


Whilst  lightening  a  gas  turbine  engine  improves  the  effective  efficiency  by 
facilitating  a  commensurate  increase  in  payload,  the  turbine  efficiency  may  be  directly 
improved  by  either  running  the  turbine  at  higher  temperature,  or  reducing  the  percentage 
of  air  used  for  blade  cooling.  In  order  to  achieve  these  improvements  in  efficiency,  it 
is  Inevitable  that  components  in  the  turbine  (notably  the  first  stage  rotor  blades)  will 
run  at  higher  temperatures.  First  stage  rotor  blades  already  use  highly  sophisticated 
bulk  materials  together  with  a  surface  treatment  such  as  pack  alumlnlslng  to  reduce 
oxidation  but  further  improvements  in  temperature  capability  can  be  achieved  using 
surface  coatings  to  prevent  oxidation  at  higher  temperatures  (l.e.  overlay  coatings  such 
as  the  M-Cr-Al-Y  alloys,  where  M  is  Ni,  Co,  Fe  or  a  mixture  of  these  elements)  or  as  a 
thermal  barrier.  SIP  has  been  used  to  deposit  a  range  of  overlay  coatings  (it)  and 
the  results  compare  well  with  coatings  deposited  by  more  capital-intensive  equipment  such 
as  elect  ron— beam  evaporation  and  low-pressure  plasma  spraying  (LPPS).  Figure  11  shows  a 
series  of  micrographs  of  an  CoCrAlY  coating  of  nominal  composition  Co-2UCr-9Al-0. 3Y  on  a 
wrought  superalloy  turbine  blade.  The  four  micrographs  show  the  coating  as  received  and 
after  250,  500  and  1000  hours  at  1000’C  In  alri  in  each  case  the  part  of  the  aerofoil 


shown  is  the  trailing  edge,  which  is  the  region  where  defects  in  a  coating  are  most 
likely  to  appear.  In  the  early  stages  at  1000’,  the  as-coated  structure  transforms  into 
a  fine  two-phase  structure,  the  lighter  phase  being  a  Co-Cr  solid  solution  and  the  darker 
phase  J-CoAl  which  coarsens  with  incressing  time  at  temperature.  A  uniform  region 
depleted  in  A1  is  formed  at  the  outer  surface  of  the  coated  blade  due  to  outward 
diffusion  of  A1  to  form  the  protective  alumina  scale.  The  A1  level  near  the 
coating/substrate  Interface  is  also  reduced  due  to  inward  diffusion  of  A1  to  form  regions 
of  nickel  alumlnide  within  the  Inconel  substrste.  It  can  be  seen  from  Figure  10  that  the 
extent  of  the  inward  diffusion  Increases  with  time,  as  also  does  the  outer  region  of 
depletion  though  this  is  not  very  evident  in  this  particular  series  of  micrographs.  SIP 
overlay  coatings  have  been  included  in  a  series  of  corrosion  rig  tests  which  also  examine 
Jhj  use  of  such  coatings  for  resisting  hot  corrosion  with  very  encouraging  results 


Harwell  has  a  wide  range  of  coating  facilities  of  which  just  three  have  been 
discussed  in  this  paper;  plasma  spraying,  plasma  assistsd  vapour  deposition  (PAVD)  and 
sputter  ion  plating  (SIP).  All  the  techniques  are  engaged  in  a  wide  variety  of 
experimental  programmes,  many  in  collaboration  with  Industrial  companies,  which 
concentrate  on  applications  of  coatings  rather  than  development  of  the  coating 
techniques.  All  the  examples  chosen  in  this  paper  have  some  connection  with  materials 
conservation/substitution,  indicating  that  there- is  widespread  interest  in  this  topic, 
and  that  coating  technologies  have  a  fundamental  role  to  play  therein. 
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A  number  of  the  coating  programmes  described  in  this  paper  have  been  carried  out 
under  contract  from  the  Procurement  Executive,  MOD,  and  the  authors  wish  to  thank  them 
fnr  their  support  and  encouragement.  The  experimental  help  of  co-workers  at  Harwell  is 
also  kindly  acknowledged. 
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Surface  of  a  TK>2  coating  after  irradiation  with  2  KeV  Dj*  iona  at  SOO*C 


A  snail  turbine  blade  coated  with  0.4m  of  12  w/o  *2o3"2r02  over  O.li 
NICrAlY  after  extensive  thermal  cycling  to  1100'C. 
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In  response  to  the  United  States  President's  endorsement  of  research  and  development  on 
critical  and  strategic  materials  (CSM) ,  tha  Navy  has  Initiated  a  program  to  develop  design 
options  for  CSM  In  future  weapon  and  platform  systems.  Key  objectives  of  the  program  are: 
development  of  a  data  base,  fabrication  of  materials  and  components,  demonstration  of 
hardware,  and  establishment  of  manufactur Ing  processes  to  provide  reproducible  materials 
and  components.  Four  materials  thrusts  are  addressed.  They  are:  utilization  of  domesti¬ 
cally  abundanc  materials,  development  of  domestic  high  temperature  materials,  evaluation 
of  new  materials  and  alloys,  and  conservation  of  critical  materials. 


The  President  of  the  United  States  and  the  Congress  recently  endorsed  and  emphasized 
the  role  of  research  and  development  to  decrease  U.S.  dependence  on  Imported  materials 
used  In  advanced  defense  systems.  This  endorsement  motivated  the  U.S.  Department  of 
Defense  (DOD)  to  formulate  a  research  and  development  plan  for  satisfying  potential  criti¬ 
cal  and  strategic  materials  (CSM)  requirements . (* >  The  Navy ,  in  response  to  the  Intent  of 
the  DOD  Plan,  Initiated  a  program  almad  primarily  at  development  of  design  options  for 
CSM  In  future  Navy  weapons  and  platform  systems.  The  philosophy  of  the  program  is  outlined 
In  this  paper  and  selected  examples  of  possible  design  options  are  presented. 

The  Navy's  program  Is  not  limited  to  consideration  of  Imported  materials;  it  also 
addresses  certain  domestic  materials  believed  critical  to  the  performance  of  future  sys¬ 
tems.  An  example  of  such  a  material  Is  beryllium,  whose  availability  may  be  limited  by 
U.S.  environmental  protection  standards  or  worker  health  safety  considerations.  Figure  1 
presents  the  objective  of  the  crlticel/strateglc  materials  program,  and  defines  the  Navy's 
concept  of  critical  and  strategic  materials.  Research  and  development  studies  will 
Include,  but  are  not  limited  to,  the  strategic  and  critical  materials  listed  In  Figure  2. 

The  selection  of  these  materlale  wae  based  on  documentation  from  the  U.S.  Congress"^, 
the  DOD  Generel  Accounting  Office  (GAO) O) ,  the  U.S.  Bureau  of  Mines (* ) ,  and  independent 
nonprofit  corporetlons .  such  as  the  Institute  for  Defenee  Analysis  (IDA).  Note  that 
aluminum  oxide  Is  Identified.  While  there  are  domeetlc  sources  of  bauxite  In  the  U.S. , 
economics  have  favored  Importing  this  material  and  It  la  listed  by  the  GAO  as  a  critical/ 
strategic  material.  Also  note  that  the  Navy  Research  and  Development  Program  Is  confined 
In  scope  to  structural  and  thermal  protection  materials. 

As  previously  stated,  tha  Navy  program  goal  la  to  provide  substitutes  and  design 
options  for  critical  and  strategic  materials.  Since  resources  are  limited.  It  has  been 
necessary  to  davlee  a  program  that  will  maximize  the  probability  of  successfully  developing 
the  necessary  deslen  options.  The  Intent  of  the  program,  therefore.  Is  to  develop  specific 
substitute  materials  and  deelgn  options ,  and  to  encourage  their  use  In  selected  systems 
applications.  This  will  be  accoaq>llshed  by  the  methodology  shown  In  Figure  3.  Key  elements 
of  the  effort  to  encourage  systems  utilisation  are:  (1)  establishing  a  sound  data  base, 

(2)  conducting  hardware  demonstrations  and  "in  uaa”  tests,  and  (3)  developing  proven 
manufacturing  technology  that  will  provide  reproducible  component  hardware.  A  detailed 
flow  chart  for  developaMnt  of  substitutes  and  design  options  is  ahown  In  Figure  4.  It 
should  be  noted  that,  while  aunufactur ing  technology  Is  shown  following  component  demon¬ 
stration  and  evaluation,  these  program  functions  may  have  to  be  reversed  if  facility 
■cale-up  Is  required  in  order  to  produce  components  for  desuns t rat Ion.  Although  Figure  4 
shows  systems  Integration  as  the  final  step  in  the  development  process,  It  actually  occurs 
concurrently  with  all  the  activities.  However,  the  syetesM  designer  must  isake  the  final 
materials  choice,  basing  hla  decisions  on  performance  comparison,  mission  cost,  and  long 
range  availability  of  the  strategic  material. 

A  number  of  Navy  systems  have  been  analysed,  both  for  quantity  of  CSM  required,  and 
for  potential  as  test  beds  for  substitutes  or  design  options.  The  results,  suossarlsed 
In  Figure  3,  lead  to  the  conclusion  that  ordnance  systeets  are  suet  attractive  for  Intro¬ 
duction  of  alternatives  to  critical  and  strategic  materials.  Tha  decision  Is  based  on 
the  findings  that;  (1)  almost  all  of  the  CSMs  are  utilised  In  ordnance,  (2)  weight 
savings,  valued  at  92,000  per  pound  for  almost  all  systems  can  be  realised,  and  (3) 
because  they  are  nonman  rated,  early  Introduction  of  alternate  materials  Into  systems 
use  Is  possible. 

Tha  organisation  of  the  Navy  program  la  based  on  the  requirements  shown  In  Figure  6. 

Of  the  four  program  requirements,  a  definable  systems  advantage  resulting  from  use  of  the 
new  material/design  option  le  most  Important,  it  is  the  systems  advantage  that  will 
Justify  qualification  of  the  design  option  for  actual  use,  and  convince  the  systems  pro¬ 
gram  manager  to  provide  the  necessary  funding  support.  Based  on  these  requirements  the 


decision  hat  been  made  to  emphasize  utilisation  of  coa^oaltes  aa  aubatlcutaa  and  daalgn 
option  matariala.  Composites  which  will  ba  conaidarad  lncluda  organic,  outal,  carbon  and 
ceramic  aacrlcaa  ralnforcad  with  graphlta,  boron,  glaaa  and  allicon  carblda  flbara. 

How  can  composites  ba  uaad  to  conaarva  crltlcal/atrataglc  natarlala?  Conaldar  tha 
hypothatlcal  caaa  whara  aluminum  la  In  ahort  aupply.  With  appropriate  tachnology  develop¬ 
ment,  some  of  which  la  currently  ongoing,  alualnua  can  ba  diluted  through  the  uae  of 
either  contlnuoua  flbara  (graphlta,  boron,  SIC)  or  dlacontlnuoua  reinforcement  (whlakera 
or  partlclee  of  SIC,  54C,  ate.).  Bacauaa  many  propertlea  will  ba  algnlf lcantly  Improved 
by  tha  fiber  addltiona,  leaa  material  will  ba  needed  to  meat  ayetem  requirement*.  Thla, 
combined  with  tha  ''dilution"  effect,  can  reduce  tha  amount  of  matrix  required  by  50%  or 
more.  To  continue  with  tha  aluminum  example.  Figure  7  ahowa  an  example  of  a  "hybrid" 
composite  containing  both  graphite  and  boron  flbara,  with  graphite  being  uaad  for  maximum 
specific  modulus  In  one  direction  and  boron  used  to  provide  specific  strength  In  the 
direction  transverse  to  the  graphite  fibers.  Even  more  complex  composite*  have  bean  shown 
to  be  feasible,  using  both  boron  and  graphite  fibers  In  aluminum  and  particulate  silicon 
carbide  added  to  meet  system  requirements  for  shaar  strength.  Such  a  composite  material 
not  only  conserves  the  base  sietal  but,  through  system-specific  design,  can  be  used  to 
replace  structural  steel  containing  high  percentages  of  chromium,  cobalt,  etc. 

Another  composite  material  which  offers  strong  Incentive  for  development  Is  rein¬ 
forced  copper.  Copper  Is  a  domestically  abundant  suterlal  with  a  relatively  high  melting 
point  (1083°C),  but  It  has  not  been  used  extensively  for  high  temperature  applications 
because  of  high  density  and  poor  mechanical  properties.  The  potential  as  a  composite 
matrix,  however.  Is  outstanding  because  of  Its  chemical  coeipatiblllty  with  a  wide  range 
of  reinforcement*.  Figure  8  lists  some  continuous  and  discontinuous  candidate  reinforce¬ 
ments.  Fabrication  feasibility  of  several  of  these  has  already  been  shown.  Figure  9  Is 
a  photo-micrograph  of  copper  reinforced  with  continuous  graphite  flbere.  Excellent  trans¬ 
lation  of  mechanical  properties  was  obtained.  Moreover,  mechanical  properties  are  quite 
attractive  at  tessperatures  up  to  800°C.  Strength  as  a  function  of  temperature  Is  shown 
In  Figure  10.  Clearly,  tha  affect  of  ralnforceaunt  on  high  tea^erature  strength  reten¬ 
tion  Is  worthy  of  note.  In  tha  same  manner ,  modulus  characteristics  are  markedly  Improved, 
as  shown  In  Figure  11.  It  can  be  concluded  that  selection  of  low  density  ralnforceamnts 
makes  copper  competitive  with  stalnlaaa  steels  and  Inconel  In  the  500-800°C  temperature 
range  on  the  basis  of  specific  mechanical  properties.  For  soma  applications,  the  extremely 
high  thermal  conductivity  provides  another  major  advantage.  Figure  12  la  a  photomicro¬ 
graph  of  continuous  silicon  carbide  fibers  in  copper.  These  fibers  have  extremely  high 
compressive  strength  In  comparison  with  graphite.  Property  translation  Is  excellent  at 
room  temperature  but  additional  high  temperature  data  Is  required  in  order  to  show  the 
potential  of  this  system. 

The  Navy  program  to  develop  alternates  for  critical/strategic  material  Is  susaurlzed 
In  Figure  13.  As  shown,  tha  effort  Is  divided  Into  four  categories,  1.*.,  evaluation  of 
domestically  abundant  materials,  developemnt  of  domestic  hlxh  temperature  design  options, 
fabrication  of  new  materials  and  alloys,  and  conservation  or  critical  materials.  Tasks 
within  each  category  are  suamurlzed  In  the  remainder  of  this  paper. 


Utilization  of  Ooemstlcally  Abundant  Materials 


Three  programs  in  this  category,  will  be  oriented  specifically  toward  future 
systems  applications.  The  objective  of  the  first  program  will  be  to  replace  CSM  compo¬ 
nents  In  a  generic  tactical  missile  design  with  components  constructed  entirely  of  domes¬ 
tically  abundant  materials.  Missile  operational  requirements  will  be  selected,  materials 
design  concepts  and  tradeoffs  will  be  Identified,  and  a  data  base  on  selected  materials 
test  specimens  will  ba  generated.  Promising  design  options  will  be  selected  for  scale-up 
and  evaluation.  The  second  program  will  address  secondary  structural  components  of  air¬ 
craft.  Alternate  materials  and  designs  will  be  selected,  fabricated  and  tested.  The 
objective  of  the  third  program  will  be  to  provide  a  metal  matrix  compoelte  alternate  as  a 
second  eource  for  beryllium  components,  nrallmlnary  work  has  shown  potential  for 
selected  composites  In  this  application. 


nt  of  Domestic  His 


perature  Materials 


There  are  niaaeroue  high  temperature  domestic  metals  which,  when  reinforced  with 
graphite  or  silicon  carbide  fibers  have  excellent  potential  as  a  design  optlot  for  high 
temperature  strategic  metals  and  superalloya.  Under  this  task,  outal  matrix  coa^oslte 
samples  will  be  prepared  and  evaluated  to  determine  Surinam  feasible  operating  t*aq> era¬ 
sure*  .  a  thermal  and  mechanical  properties  data  base  will  be  generated  on  selected  matrix 
alloys,  fiber  reinforcements  and  fiber  volume  composites.  An  effort  will  also  be  carried 
out  to  extend  the  objectives  of  the  autal  matrix  composite  task  by  addition  of  high  tem¬ 
perature  metal  foils  to  the  basic  composite  auterlal.  Effects  of  the  foil  on  physical, 
mechanical  and  thermal  properties  of  tha  resulting  "hybrid"  design  options  will  then  be 
determined  for  selected  combination*. 


Evaluation  of  Hew  Materials  and  Alloys 


Tha  development  of  ceramic  composites  is  in  Its  Infancy  In  tha  United  States. 
Although  there  has  been  extensive  work  to  develop  high  performance  carbon-carbon  compo- 
eites  (one  class  of  ceramic  composite)  little  also  has  boon  don*  to  advance  the  seat*  of 
technology  of  reinforced  ceraad.cs.  A  program  will  be  started  to  Identify  tutorials 
property  requirements  which  may  be  met  by  ceramic  ccmooeltes ,  define  promising  coaq>o*ite 
constituents,  and  conduct  laboratory  evaluation  of  selected  fabricated  material*.  Under 
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another  task,  an  analysis  of  the  potential  for  using  zirconium  as  an  alternate  material 
will  be  conducted.  Zirconium,  although  domestically  abundant  in  the  U.S.,  has  been  under¬ 
utilized  for  many  years.  If  the  analytical  results  ere  positive,  a  program  to  Introduce 
zirconium  Into  a  few  selected  applications  will  be  organized  end  initiated.  In  the  final 
task  planned  for  development  of  new  materials  and  alloys,  a  thorough  literature  seerch  to 
determine  the  feasibility  of  developing  a  corrosion  resistant  magnesium  alloy  will  be 
carried  out.  Magnesium,  also  abundant  In  the  U.S.,  corrodes  readily,  particularly  in  the 
range  of  operational  Navy  environments.  It  Is  believed  that  corrosion  may  be  signifi¬ 
cantly  reduced  by  alloying  the  base  metal  with  appropriate  domestic  alloy  metals.  If 
results  of  the  literature  search  are  positive,  a  materials  fabrication  and  evaluation 
plan  will  be  developed. 

D  Conservation  of  Critical  Materials 

Work  has  been  conducted  to  develop  a  near-net  shape  casting  process  for  sub¬ 
components  of  a  post-boost  propulsion  system,  The  sub-components  are  currently  machined 
out  of  billets  of  columbium,  resulting  in  most  of  the  starting  material  being  reduced  to 
scrap.  The  proposed  casting  process  will  reduce  material  requirements  by  more  than  80 
percent,  and  result  in  significantly  reduced  labor  and  machining  costs.  An  exploratory 
task  is  also  under  way  to  develop  a  pressure  casting  process  which  will  eliminate  the 
"pipe"  formed  during  recrystallization.  Utilization  of  the  entire  cast  billet  Is  thus 
achieved . 

In  conclusion,  the  Navy  has  responded  to  the  Department  of  Defense  plan  to  satlafy 
potential  strategic  and  critical  materials  problems.  A  program  to  develop  design  options 
based  on  exploitation  of  advanced  composite  materials  has  been  generated,  and  particular 
attention  will  be  given  throughout  the  program  to  transition  of  the  new  technologies  Into 
advanced  systems  applications.  It  is  believed  that,  by  concentrating  on  the  development 
of  new  composites  and  design  options  based  on  domestically  abundant  materials  early  on, 
major  problems  resulting  from  our  inability  to  Import  strategic  and  critical  materials 
can  be  avoided  in  the  future. 

(1)  Research  and  Development  Plan  for  Satisfying  Department  of  Defense  Critical/ 

Strategic  Materials  Requirements.  1  July,  1981. 

(2)  Hearings  Before  the  Subcommittee  on  Science,  Technology  and  Space  of  the  Committee 
on  Commerce,  Science  and  Transportation,  U.S.  Senate,  Serial  No.  96-122,  P.  406. 

July  1,  1980. 

(3)  Statement  of  Dr.  Michael  Markels,  Jr.,  President,  Varsar  Inc.,  '*Matal  Matrix 
Composites  as  Substitutes  for  Critical  Materials",  Before  the  Subcommittee  on 
Economic  Stabilization  of  the  Committee  on  Banking,  Finance  and  Urban  Affairs, 

U.S.  House  of  Representatives. 

(4)  Conference  on  DOD  Responsibilities  Under  Che  National  Materials  and  Minerals 
Policy  Act.  Ft.  McNair,  Washington,  D.C..  May  5-7,  1981. 
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FIGURE  1 

DESIGN  OPTIONS  FOR  STRATEGIC/CRITICAL 

MATERIALS 


OBJECTIVE:  to  develop  materials  and  design  options,  based  on 

DOMESTICALLY  ABUNDANT  MATERIALS,  WHICH  WILL  DECREASE 
DEPENDENCE  ON  POTENTIALLY  STRATEGIC  AND  CRITICAL  MATERIALS 

DEFINITION: 

STRATEGIC  MATERIAL  -  ONE  IN  WHICH  THE  PROBABILITY  EXISTS  FOR 

SUDDEN  SUPPLY  DISRUPTION  OR  SHARP 
PRICE  INCREASE 

CRITICAL  MATERIAL  -  ONE  WHICH  IS  ESSENTIAL  FOR  THE 

APPLICATION-AFFECTS  U.S.  DEFENSE 
POSTURE 

SCOPE:  RESTRICTED  TO  STRUCTURAL  AND  THERMAL  PROTECTION  MATERIALS. 

RUBBER  SUBSTITUTES  ARE  NOT  CONSIDERED  IN  THIS  PROGRAM 


FIGURE  2 

REPRESENTATIVE  CRITICAL/STRATEGIC  MATERIALS 

(CSM) 

TANTALUM 

CHROMIUM 

COBALT 

BERYLLIUM 

MANGANESE 

COLUMBIUM 

PLATINUM  GROUP  METALS 

OTHER  POSSIBLE  CANDIDATES 
TUNGSTEN 
GOLD 

ALUMINUM  OXIDE 
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FIGURE  3 

METHODOLOGY  FOR  DEVELOPMENT  OF  SUBSTITUTES 

FOR  CSM 

•  SELECTION  OF  CSM  FOR  SUBSTITUTION 

•  DEFINITION  OF  DEVELOPMENT  PROGRAM 

•  FABRICATION  FEASIBILITY  DEMONSTRATION  OF  SUBSTITUTE 

•  SUBSTITUTE  DATA  BASE  DEVELOPMENT 

•  COMPONENT  DEMONSTRATION  AND  EVALUATION  - 

•  MANUFACTURING  TECHNOLOGY 

•  SYSTEMS  INTEGRATION 


FIGURE  4 

DEVELOPMENT  OF  SUBSTITUTES/DESIGN  OPTIONS 

FOR  CSM 


CSM  USE - -SUBSTITUTES/DESION  OPTIONS - ►  SUBSTITUTES - *- DESIGN  DATA 

_ fPBimSATm  ... _  fABWSATMM  >A«  DEVELOPMENT 


•  SUBSTITUTE  MATERIALS 
PROPERTKS 
—  MECHANICAL 
-  THERMAL 
—  CHEMKAL 

RAO  -  CHEHOV  INTENSIVE 

-  SERVICES  -  CARCINOOENIC 

-  OTHER  GOVERNMENT 

-  MINISTRY 


©ENTITY  SYSTEMS 


-  CURRENT 

-  POTENTIAL 
ONQOMOHIELEVANT 


•  DOMESTIC  AVAAAMUTY  OF 
CONSTITUENTS 

•  PRODUCTION  CAPACITY  OF 
CONSTITUENTS 

•  PROOUCMtUTY  PROBLEMS 


FABRICATION 

FEASHMLITY 

PROCESS  DEVELOPMENT 
REPROOUCISILrrv 


SYSTEMS  COMPONENT  DEMONSTRATION 

INTEGRATION  - - MANUFACTURING  TECHNOLOGY  -  -  ANO  EVALUATION 


•  NON-MAN  RATED 

•  MAW-HA  TEO.  NOW-CRITICAL 

•  MAN-RATED,  CRITICAL 


•  FACILITY  SCALE-UP 

•  PRODUCTION  DEMONSTRATION 

•  PRODUCTION  RBUABRJTV 

•  COST  REDUCTION 


•  FABRICATE  SUB-SCALE  PARTS 

•  MMULATE  ENVIRONMENTAL  TESTEM 

•  PAEMCATE  FULL-SCALE  HARDWARE 

•  USE-TEST  FULL-SCALE  KAROWAHE 


FIGURE  S 

SUMMARY  OF  CHARACTERISTICS  OF  NAVY  SYSTEMS 


CHARACTERISTIC 

SPACE 

ORONANCE 

AIRCRAFT 

SHIPS 

MAN-RATED 

NO 

NO 

YES 

YES 

VALUE  OF  0.45  KG  (1  lb) 

OF  WEIGHT  SAVED 

$20,000 

$2,000 

$200 

$20 

OPERATIONAL  LIFETIME 

VERY  LONG 

VERY  SHORT 

LONG 

VERY  LONG 

TIME  FOR  SYSTEMS 
UTILIZATION  OF  NEW 
MATERIALS* 

5  YR 

5  YR 

10  YR 

20  YR 

AMOUNT  OF  CSM  REQUIRED 

LOW 

HIGH 

HIGH 

VERY  HIGH 

•  TIME  FROM  LABORATORY  DEMONSTRATION  OF  PROPERTIES  TO  ACCEPTANCE  MTO  A  NEW  SYSTEM 


FIGURE  6 

REQUIREMENTS  FOR  DEVELOPMENT  OF 
SUBSTITUTES/DESIGN  OPTIONS 

•  DOMESTIC  AVAILABILITY  OF  PROPOSED  SUBSTITUTE  MATERIAL 

•  NEAR-TERM  SYSTEMS  APPLICATIONS  RECEIVE  PRIORITY 

•  DESIGN  OPTION  MUST  OFFER  A  DEFINABLE  SYSTEMS  ADVANTAGE, 
SUCH  AS: 

-  REDUCED  LIFE  CYCLE  COST 

-  REDUCED  PROCUREMENT  COST 

-  IMPROVED  SYSTEMS  PERFORMANCE 

•  A  COMMITMENT  MUST  BE  MADE  TO  CARRY  SUCCESSFUL 
DEVELOPMENT  THROUGH  SYSTEMS  QUALIFICATION;  AVAILABLE 
FUNDING  MUST  INCLUDE: 

-  TECHNOLOGY  SASE 

-  MANUFACTURING  TECHNOLOGY 

-  SUPPLEMENTAL  FUNOS  FOR  QUALIFICATION  AS  REQUIRED 


FIGURE  7 

PREDICTED  AND  ACTUAL  TENSILE  TEST  DATA  FOR 
CROSS-PLIED  Qr/B/AI  HYBRID  COMPOSITE 

ULTIMATE 

SAMPLE  STRESS  MODULUS 

ORIENTATION  (grapNta)  (M  p«  »  10  •)  (O  Pi  «  10  *)  ELONGATION 

0*  PREDICTED  474.4  1SS.8  -0.404* 

TEST  S44.7  ISOS  0.42% 

SO*  PREDICTED  233.0  S0.3  -0.40% 

TEST  236.S  SS.I  0.40* 


FIGURE  6 

POSSIBLE  REINFORCEMENTS  FOR  COPPER 


CONTINUOUS 

DISCONTINUOUS 

GRAPHITE 

TIC 

SIC 

TIN 

BORON 

SIC 

AlfOj 

S)*N« 

TUNGSTEN 

B«C 

MOLYBOENUM 

TIB, 

SELECTION  WILL  BE  BASED  ON  FIBER-MATRIX  COMPATIBILITY 
AT  MAXIMUM  FABRICATION  TEMPERATURE  ANO/OR  MAXIMUM 
USE  TEMPERATURE 


FIGURE  9 

MICROSTRUCTURE  OF  GRAPHITE  REINFORCED 

COPPER  WIRES 


ft.. 


.via- 


4 


s£ 


i&s- 
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FIGURE  10 

EFFECT  OF  GRAPHITE  REINFORCEMENT  ON 
ULTIMATE  TENSILE  STRENGTH  OF  113  COPPER 


ui 

B  ^ 

fcf  700 


Pftft/CU  113 
2  PLY,  UO 


FIGURE  11 

EFFECT  OF  GRAPHITE  REINFORCEMENT  ON  TENSILE 
MODULUS  OF  113  COPPER 


FIGURE  13 

NAVY  DESIGN  OPTIONS  PROGRAM 
(PRIMARY  CAT AGORIES/PERCENT  OF  EFFORT) 


•  UTILIZATION  Of  DOME8TICALLY  ABUNDANT  MATERIALS  (40%; 

-  TACTICAL  MISSILE  SYSTEM  COMPONENTS 

-  AIRCRAFT  SECONDARY  STRUCTURAL  COMPONENTS 

-  GUIDANCE  SYSTEM  COMPONENTS 

•  DEVELOPMENT  OF  DOMESTIC  HIGH  TEMPERATURE  MATERIALS  (30% 

-  FABRICATE  AND  EVALUATE  GRAPHITE  REINFORCED  COPPER 

-  INVESTIGATE  STABILITY  OF  HIGH  TEMPERATURE  METAL  CLADOING  FOR 
METAL  COMPOSITES 

•  EVALUATION  OF  NEW  MATERIALS  AND  ALLOYS  (20% 

-  CERAMIC  COMPOSITES 

-  ZIRCONIUM  -  POTENTIAL  FOR  UTILIZATION 

-  CORROSION  RESISTANT  MAGNESIUM 

•  CONSERVATION  OF  CRITICAL  MATERIALS 

-  NEAR-NET  SHAPE  PROCESSING 

-  PRESSURE  CRYSTALLIZATION 


(io%; 
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At  s’  ra  t 

■la  K  r  'V-mest  !'•  aval  lab! ll*y  nf  critical  Industrial  metals,  such  as  chromium  and 
tail  mane  •(.«>  't.~.  ec enemy  vulnerable  to  supply  disruption,  or  cartel  Inspired 
;  r -e  rat,'.)  ila’icn.  These  crlM'al  metals  are  primarily  used  as  high  temperature, 

-  rr  si : n  resistant  r  metal  cutting  alloys.  Modern  high  performance  ceramics 
are  attractive  suts’ltutes  f,  r  critical  metals  In  many  of  these  applications.  This 
(a[er  will  e*j  1  re  •  ).pcr*  uni '  i  es  for  the  use  of  ceramics  as  substitutes  In  several 
example  a) ) 1 i  a* lens. 


The  .  e  r.  my  has  become  increasingly  dependent  upon  Imported  minerals  and 
fue’.;-.  during  ’  t.e  [as1  few  decades.  In  the  case  of  oil,  this  was  dramatically  brought 
tome  ’  ’he  get, era!  public  by  ti  post  1973  energy  crisis  with  its  attendant  gasoline 
lines  atci  .r.  reused  transportation  and  utility  costs.  Less  obvious  to  the  public, 
tu'  equal  it,  I  ’entlal  for  economic  disruption,  is  our  heavy  (and  growing)  dependence 

r,  imj'  rt  ■=  f  r  many  vital  industrial  metals.  Various  studies  over  the  past  ten  years 
have  deal’  with  'his  Issue.  Table  I  lists  several  Industrially  Important  me  's 
and  ‘  t.e  extent  t  which  the  IJ.S.  relies  on  imports  to  satisfy  its  national  req- .  rement  s . 
This  japer  will  focus  on  cnromlum  and  cobalt,  because  they  top  most  lists  of  "critical" 
ma’er.al!*  and  serve  ns  typical  -xamples  of  the  critical  materials  problem  in  general. 


T«W»  I.  IMPORTS  Of  STRATEGIC  MATERIALS 


METAL 

DOMESTIC 
PRODUCTION  * 

PERCENT 
IMPORTED  % 
11980) 

COOJMBIUM 

0 

100 

MANGANESE 

0 

97- 

COBAIT 

0 

97* 

TANTALUM 

0 

97* 

CHROMIUM 

0 

91* 

PLATINUM  GROUP 

NEC 

87* 

NICKEL 

9 

n 

•DIFFERENCE  IS  OUT  TO  SALES  FROM  FEDERAL  STOCKPILE 
OATA  FROM  REF.  1 


TABLE  I 

Before  addressing  the  question  of  how  ceramic  technology  can  help  reduce  the 
severity  of  the  "critical"  materials  problem  with  respect  to  chroeilum  and  cobalt, 
arid  Ml,  we  need  to  have  some  perspective  on  several  taaues.  First,  why  are  these 
metals  Industrially  important?  Second,  is  it  really  a  problem  that  they  are  imported? 

Once  we  have  some  perspective  on  these  Issues  we  are  in  a  position  to  ask  the  third, 
and  key  question,  namely,  what  la  required  of  those  Mterials  which  might  substitute 
for  chromium  and  cobalt.  A  fourth  Important  question  that  one  might  ask  is  "Are  there 
different  types  or  categories  of  substitution?" 

This  paper  will  briefly  address  the  above  questions  and  that  p.oceed  to  provide 
illustrations  of  how  various  high  performance  ceramics  are  curr#  tly  contributing 
to  the  industrial  world's  tachnlcal  options  for  materials  substitution.  In  saveral 
of  these  cases  the  potential  for  conservation  of  “critical*  materials  ia  accompanied 
by  suijor  opportunities  for  energy  savings  or  productivity  enhancement . 

The  Industrial  Importance  of  Chromium  and  Cobalt 

Chromium  and  cobalt  each  pl^  significant  roles  In  the  Mtallurgy  of  high  temperature 
and/or  corroelon  resistant  structural  alloys.  These  alloys  are  the  backbone  of  a 
modern.  Industrial  society.  The  superalloys  used  In  gas  turbine  and  Jet  propulsion 
engine  technology  are  critically  dependent  on  these  two  metals.  Thus,  their  availabillt* 
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Is  key  t.i  nur  civil  air  transportation  system,  our  military  aviation,  and  in  many 
legations.  The  aval  lability  of  adequate  electrical  peak  load  generating  rapacity. 
Chromium  in  essential  for  stainless  steels.  Aesthetics  aside,  food  processing,  high 
temperature  chemical  processes,  and  several  fuel  processing  technologies  are  dependent 
on  this  metal.  Cobalt  in  a a so  hgavily  used  In  superalloys  of  the  U.S.  consumption 

;f  cobalt  goes  into  superal lays' ) .  Cobalt  is  a  major  constituent  of  the  "stellite" 
family  of  high  hanin^aR,  high  temperature  alloys  used  where  wear  resistance  at  high 
temperatures  Is  required.  Cobalt  also  plays  a  major  r<>le  in  magnetic  alloys  arid  high 
performance  magnetic  compounds  such  as  the  AlNICo’s  and  vimCor  Indeed,  one  sixth 
■  f  the  free  world’s  cobalt  usage  Is  for  magnetic  material^.  This  element  also  is 
important  as  a  liquid  phase  sintering  aid  for  WC  rutting  tools  or  wear  components 
(it.  oilwell  drilling  equipment  for  example).  Many  more  examples  could  be  cited,  but 
the  central  point  18  clear,  the  availability  of  chromium  and  cobalt  Is  essential  to 
the  maintenance  of  an  industrial  economy  as  we  now  know  it. 

The  problem 


clmply  stated,  while  U.S.  economy  Is  critically  dependent  upon  these  two  elements, 
we  import  virtually  100H  of  our  needs.  Moreover,  the  sources  of  supply  are  vulnerable 
*  disruption  either  in  the  event  of  civil  or  regional  war,  >r  as  the  result  of  adverse 
I  I  It  leal  derisions  of  unfriendly  governments  (see  Table  II).  In  addition,  the  posjiblity 
f  an  CPEC-like  cartel  cannot  be  ignored.  If  all  of  this  seems  a  bit  melodramatic 
*  i :  •  well  to  recall  that  in  1978  one  result  of  civil  war  in  Zaire's  Shaba  Province 
*  he  brief  interruption  of  cobalt  production  and  the  price  of  cobalt  on  the  spot 
market  jumped  from  .  $10  to  -  $40.  Even  If  supplies  are  not  actually  cut  off  or  inter- 
ruj such  price  turbulence  is  not  conducive  to  economic  stability. 


fl  CRITICAL  INDUSTRIAL  ELEMENTS 

RESERVES 

PRODUCTION 

ELEMFNT 

1*  WORLD) 

1%  WORLD) 

Cr 

•REP.  S.  AFRICA  -  W 

•REP.  S. 

AFRICA  -  35 

•ZIMBABWE  -  30 

•USSR  - 

n 

(CHROMITE) 

•ALBANIA 

-  11 

•PHILIPPINES  -  6 

•ZIMBABWE  -  6 

Co 

•ZAIRE  -  -30 

•ZAIRE  - 

50 

•USSR  -  -Z0 

•ZAMBIA 

-  10 

•NEW  CALEDONIA  -  -IS 

•USSR  -  1 

•CUBA  - 

•CANADA 

-  5 

TABLE  II 


P e gui remen t a _  For  S ufoa 1 1  lutes 

What  is  required  of  substitute  materials  for  chromium  and  cobalt?  The  answer 
follows  directly  f r  >m  a  ons  1  derat i •  *r»  of  the  applications  of  these  two  metals  as  Just 
discussed.  A  primary  requirement  is  the  ability  to  function  as  a  structural  material 
at  high  temperature.  This  implies  hlg/>  temperature  strength,  strength  retention  as 
a  function  of  time  (l.e.,  good  stress  rupture  behavior),  and  reasonable  fracture  toi  ;h- 
neaa.  Chemical  inertness  Is  of  particular  importance  for  applications  In  severe  environ¬ 
ments  such  as  chemical  processing,  gas  turbines,  industrial  heat  exchangers,  or  metal 
cutting  tools.  Thus,  corrosion  and  erosion  resistance  of  possible  substitutes  will 
be  important.  These  are  all  rather  obvious  considerations,  there  are  several  others 
whl'-h  are  less  obvious.  When  ore  is  presented  with  an  opportunity  to  make  a  materials 
subs* 1  tut  Ion  ore  should  also  ask: 

Is  It  possible  to  use  a  material  which  will  require  less  energy  to  produce 
and  utilize  throughout  the  material's  life  cycle? 

Is  it  possible  to  use  a  domestically  available  as  opposed  to  an  Imported  raw 
material ? 


Is  It  possible  to  use  a  raw  material  which  would  minimize  environmental  Impacts? 


As  wn  shall  !U'i-  \  r,  th>*  n»-x>  s-tlon,  t  h<-  modern  high  performance  ceramics  (silicon 
■artide,  silicon  nitride,  transformation  toughened  zlrconla,  and  ceramic  matrix  compos¬ 
ites)  have  potential  to  satisfy  most.  If  not  all,  of  the  above  requirements. 

Hl&h_Perf.  rman-e  Ceramics  Ah  Subs t  1  tut.es 

High  performance  ceramics,  for  the  most  part,  exhibit  outstanding  strength  at 
r  cm  temperature.  With  the  exception  of  transformation  toughened  zlrconla  (TTZ)  these 
materials  retain  their  strength  to  ?000°F.  and  beyond  (see  Table  III).  As  shown  In 
Figure  1,  SIC,  arid  SI  ,N^  offer  significantly  better  stress  rupture  performance  at. 

,.:VO'F  than  the  high  remperat.ure  Ni  and  Co  containing  superalloys  at  POOCrF.  The 
significant,  differences  In  thermal  expansion  and  conductivity,  Young’s  Modulus,  and 
density  between  the  ceramics  and  metal  shown  In  Table  Ill  mean  that  one  cannot,  In 
general,  simply  substitute  a  ceramic  component  for  a  metallic  one.  As  a  result  of 
these  differences,  incorporation  of  a  ceramic  substitute  will  usually  result  In  large 
changes  In  temperature  and  stress  distributions,  moments  of  Inertia,  component  deflec¬ 
ts  ins,  and  weight  distributions.  Therefore,  the  entire  system  must  be  re-analyzed 
and  redesigned  t.  accommodate  the  ceramic  substitution. 
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FIGURE  1 


MA1UIAIS  Of  IN1UIS1  PHOPMIltS  COMPASISOto 
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cast  i*oas 

»  to  m  kti 

(TCNSIli  YIELD! 

usiuss 
cs  ksi.  satfln 

MS 

DIR  T  1 
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m  I  to  10K*1 
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TABLE 

in 

Silicon  nitride  and  SIC  have  demonstrated  outstanding  corrosion  and  erosion  resist¬ 
ance  In  such  aggressive  environments  as  gas  turbine  engines,  heat  exchangers  and  a 
variety  of  seal  and  bearing  applications.  Zlrconla  Is  one  of  the  few  materials  which 
can  endure  the  rigors  of  contact  with  molten  steel  for  significant  times. 

Concerning  the  energy  Input  for  maxing  a  ton  of  superalloy  versus  making  a  ton 
of  high  performance  ceramic,  Davldge,  has  performed  some  interesting  calculations. 
Comparing  the  energy  Input  to  win  the  elements  required  to  produce  a  ton  of  a  typical 
Hl-Cr-Co  alloy  with  that  to  produce  a  ton  of  silicon  nitride,  he  calculated  36,000 
ve.  19,000  kMh/ton,  a  nearly  two  to  one  advantage  for  the  ceramic.  After  this  point, 
comparisons  became  very  Imprecise,  but  If  a  near  net  shape  sintered  or  HlP’ed  ceramic 
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part  uild  be  substituted  for  a  metallic  one  which  required  significant,  machining, 

It  1  ;<  llKely  that  the  energy  advantage  of  the  ceramic  can  be  maintained.  However, 
the  main  energy  savings  which  will  accrue  from  ceramic  substitution  are  to  be  gained 
through  improved  systems  efficiency  as  Illustrated  In  Table  IV.  The  author  has  calculated 
that  aurh  fuel  savlngs^would  be  In  the  neighborhood  of  -  $17  billion  per  year  for 
the  U.S.  economy  alone  . 


T*Le  IV.  EXAM  PUS  OF  PROJECTED  ENERGY  SAVINGS  ROM  USE  Of  CERAMIC  TECHNOLOGY 


TECHNOLOGY 

SYSTEMS  CONFIGURATION 

REDUCTION 
IN  FUEL 

use  nu 

GAS  TURBINES 

AUTOMOTIVE 

-ISO  hp.  REGENERATED,  SINGLE-SHAFT  ENGINE, 
1370°C  TURBINE  INLET  TEMPERATURE 

n 

TRUCK 

-550  hp.  REGENERATED,  TWO-SHAFT  ENGINE, 

12tt°C  TURBINE  INLET  TEMPERATURE 

it 

INDUS  TRIAl/SHIP 

-1000  hp,  SIMPli-CYClE,  THREE-STAGE  ENGINE. 
ItHfiC  TURBINE  INLET  TEMPERATURE 

10 

DIESEL  ENGINES 

TRUCK 

INDUSTRIAL  HEAT 
RECOVERY 

-S00  hp.  ADIABATIC-TURBOCOMPOUND.  12UJ°C 
MAXIMUM  COMPONENT  TEMPERATURE 

n 

RECUPERATORS 

SILICON  CARBIDE  RECUPERATED  SLOT  FORGING 
FURNACE  OPERATING  AT  ~1J00°C 

42 

TABLE  IV 


The  use  of  high  performance  ceramics  Is  likely  to  be  minimally  disruptive  of 
the  environment.  Many  commercially  exploited  metal  ores  yield  only  1%  or  less  metal. 
Thus,  to  obtain  a  ton  of  metal,  one  may  have  to  mine  100  tons  of  ore,  crush  and  leach 
It,  and  then  have  to  put  99  tons  of  comminuted  ore  back  Into  the  excavation.  Comminuting 
a  solid  (ore)  into  a  powder  approximately  doubles  the  original  volume.  This  accounts 
for  the  mountains  of  tailings  surrounding  most  mining  sites.  Since  high  performance 
enemies  depend  upon  N„,  C,  02,  as  well  as  Si  or  Zr  (from  sands),  no  such  unsightly 
environmental  dlstruptfon  as  tailings  will  be  created.  Of  course,  one  of  the  most 
important  benefits  or  the  N„,  C,  0? ,  or  SI  based  ceramics  Is  that  they  are  universally, 
abundant  and  potentially  cheap. 

The  one  drawback  to  the  use  of  high  performance  structural  ceramics  Is  their 
Inherent  brittleness.  In  order  to  successfully  utilize  theje^mater lal s ,  one  must 
deal  with  this  by  using  the  appropriate  design  methodology.  “  In  a  previous  paragraph, 
the  term  "reasonable  toughness"  was  cited  as  being  an  Important  structural  requirement. 

A  material  can  be  brittle,  and  at  the  same  time  be  tough  enough  for  structural  use! 

Figure  2  gives  the  range  of  several  metals  and  polymers  commonly  used  as  engineering 
materials.  It  1s  Important  to  note  that  the  high  performance  ceramics  possess  fracture 
toughness  In  the  same  range  of  values.  This  strongly  infers  that  structural  design 
with  ceramics  can  be  successfully  executed.  As  we  shall  see  later  In  this  paper, 
that  Is  Indeed  the  case. 

Substitution  Models 


In  order  to  devise  a  successful  strategy  for  materials  substitution.  It  Is  Important 
to  know  what  type  of  substitution  you  are  trying  to  affect.  Figure  3  lists  two  major 
types  of  substitution,  reactive  and  proactive,  with  examples  of  each.  Reactive  substitu¬ 
tion  Is  sub-divided  Into  two  classes,  replacive  and  displaclve.  Replaclve  substitution 
Is  done  for  purely  economic  reasons.  Material  A  Is  getting  too  costly  so  use  material 
B.  No  Increase  In,  or  benefit  to,  systems  performance  Is  sought.  In  displaclve  substitu¬ 
tion,  Material  B  may  or  may  not  be  less  costly  than  Material  A,  but  using  It  enhances 
systems  performance  to  such  an  extent  that  it  will  displace  Material  A.  He  are  all 
familiar  with  this  type  of  substitution  from  the  current  displacement  of  copper  tele¬ 
phone  lines  by  optical  waveguides  (S102).  The  concept  of  proactive  substitution  is 
rather  new.  Briefly,  It  Is  to  have  a  viable  technological  alternative  to  the  application 
of  scarce  materials  sufficiently  developed  so  that  the  scarce  Mterlals  will  not  have 
to  be  utilized  In  the  first  place. 


FIGURE  ? 


Tt»  balance  of  the  paper  trill  give  examples  of  ceramic  technology  applied  to  each  major  category 
of  materials  substitution  shown  In  Figure  3  and  discussed  above. 
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FIGURE  3 


A  Ceramic  50  Cal.  Gun  Barrel  Liner 

The  application  of  high  performance  ceramic*  to  substitute  for  the  current  stellite 
(  -60S  Co)  50  cal.  barrel  liner  In  the  M-2  machine  gun,  Is  a  good  example  of  a  potential 
replaclve  material  substitution.  The  driving  force  to  Initiate  feasibility  studies 
for  such  substitution  was  economic;  the  previously  cited  quadrapullng  of  the  price 
of  Cobalt  due  to  the  civil  war  In  Zaire.  No  significant  gain  in  performance  was  antici¬ 
pated. 

Figure  4  lists  the  properties  that  one  would  desire  of  a  ceramic  to  be  utilised 
as  a  small  caliber  gun  tube  liner.  Based  on  these  properties,  sintered  SIC,  sintered 
BljN^,  transformation  toughened  tlrconla,  and  a  glass  matrix  composite  were  selected 
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*9  viable  candidate*.  Availability  of  material  led  to  investigating  sintered  a-SIC 
first.  Bunnlng,  et.  al .  ,  have  previously  reported  on  a  *ucce»aful  1000  round,  single 
shot  smooth  bore  feasibility  demonstration.  Wong°  has  recently  demonstrated  that 
rifling  of  such  Inserts  Is  feasible  and  should  not  be  excessively  expensive  In  production. 
Recent  tests  have  shown  that  graphite  reinforced  glass  composites  can  survive  single 
shot  firing  tests,  but  erode  excessively  .  However,  the  limited  success  Indicates 
that,  a  wider  latitude  in  material  properties  exists  than  previously  thought.  Also, 
as  improved  matrix  materials  are  developed  ceramic  matrix  composites  might  be  very 
well  suited  for  this  application. 


| DESIRED  PROPERTIES  FOR  CERAMIC  GUN  BARREL  LINERS: 

MELTING  POINT 

2  2600PF 

MOR  (RT) 

>50  ksl 

a 

a  15I°C 

t  IRT) 

2  30  x  10*  psl 

H 

HIGH 

K 

LOW 

F 

LOW 

ATt 

HIGH 

FIGURE  A 


Before  SIC  or  alternative  high  performance  ceramics  are  deemed  acceptable  for 
use  aa  small  caliber  gun  barrel  liners,  more  testing  of  durability  under  single  and 
burst  firing  conditions  and  rifled  aa  well  as  smooth  bore  testing  must  be  carried 
cut  . 


SI  ,H,.  Cutting  Tools 

The  recent  Introduction  uT  Sl-Nj,  based  cutting  tools  Into  the  marketplace  will 
make  an  Interesting  case  study  of  dlSplaclve  substitution  vls-a-vls  cemented  VC. 

In  this  case  the  substitution  will  be  dlsplaclve  since  significant  enhancements  In 
pr  ductlvlty  are  attained.  Figure  5,  based  on  a  recent  press  release  from  the  Ford 
Motor  Co.,  shows  the  major  potential  for  Increased  productivity  In  machining  cast 
Iron.  Similar  gains  have  been  cited  by  Jack,  Lumby,  and  promotional  literature 
from  Kennametal  and  GTE.  Several  of  these  sources  also  Indicate  that  S1,N^  based 
tools  provide  enhanced  rales  of  metal  removal  for  N1  based  superalloys.  ^ 

As  noted  lr.  Figure  'j,  researchers  at  Ford  have  found  that  S1,N,,  based  cutting 
tools  do  net  fall  catastrophically,  they  become  dull  and  can  be  resharpened  and  reused 
(as  a  smaller  site  tool).  This  Is  an  Interesting  Illustration  of  a  ceramic  possessing 
a  " reasonable  toughness"  In  a  most  aggressive  application. 


|  CERAMIC  CUTTING  TOOiS  FOR  PRODUCTIVITY  ENHANCEMENT 

FORD  $-«  (SILICON  NITRIDE)  CUTTING  TOOL  DEMONSTRATED: 

•  LONGER  LIFE 

•  PRODUCTIVITY  ENHANCEMENT 

ESCORT  CLUTCH  CYLINDER  MACHINED  IN  U  Me 
VERSUS  »  MC  STANDARD 

•  CAN  K  RESHARPENED  AND  REUSED 

(SOURCE  •  FORD  MOTOR  CO..  CORPORATE  NEWS 
DEPT.  RELEASE,  1112216) 

■  ■  ■  "■  r- 


FIGURE  5 
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Ceramics  for  the  Adi abatlc  Diesel  Engine 

The  diesel  engine  Is  capable  of  considerable  development  via  the  turbo-compounded 
"Adiabatic  Diesel,"  which  runs  hot,  eliminates  the  water  cooling  system  (and  consequently 
the  heat  lost  to  that  system),  and  extracts  useful  heat  from  the  higher  temperature 
exhaust  gas  via  a  turbine.  Use  of  such  an  engine  can  i educe  specific  fuel  consumption 
by  3b  percent  and  simultaneously  Increase  specific  power.  As  a  consequence  of  eliminating 
the  water  cooling  system,  a  bO  percent  increase  in  engine  reliability  Is  projected. 

In  order  to  obtain  such  gains,  very  efficient  Insulation  of  the  combustion  and 
exhaust  portions  of  the  engine  system  Is  required  so  that  the  exhaust  gases  will  have 
the  highest  energy  content  to  transfer  to  the  turbocompound  system.  Therefore,  the 
two  potentially  contending  technologies  would  appear  to  be  Insulated  high  temperature 
metals  or  self  Insulating  high  temperature  ceramics.  Thus,  the  adiabatic,  turbo-compound 
diesel  engine  provides  our  first  example  of  a  potential  proactive  substitution.  And 
In  fact,  proactive  substitution  by  opting  for  ceramic  technology  Is  what  Is  occurring. 

Even  casual  readers  of  the  business  or  popular  scientific  presB  have  become  aware 
of  the  world  wide  race  to  develop  a  ceramic  based,  waterless  or  "Adiabatic"  diesel 
engine.  While  It  appears  th.t  the  Japanese  may  be  leading  at  the  moment  In  the  area 
of  light  duty  diesels  for  passenger  car  use,  the  U.S.  appears  to  have  the  lead  In 
the  development  of  the  adiabatic  engine  for  heavy  trurkB.  The  world's  most  fuel  efficient 
(,?8b  lb/hp-hr  specific  fuel  consumption)  engine  Is  a  Joint  development  of  the  U.S. 

Army's  Tank  and  Automotive  Command  (TACOM)  and  the  Cummins  Engine  Co.  A  recent  paper 
by  Bryzlk  and  Kamo  (11)  provides  an  In  depth  status  report  on  this  engine. 

Briefly,  an  early  version  of  this  engine  utilizing  ZrO  based  coatings  In  the 
combustion  and  exhaust  areas,  has  been  Installed  and  successfully  run  In  a  b  ton  truck. 

On  the  road  fuel  economy  exceeded  expectations  going  from  -  6  to  -  9  mpg  (In  a  lightly 
loaded  condition).  Over  3000  miles  of  successful  testing  has  been  carried  out.  This 
engine  has  demonstrated  reduced  emissions  and  enhanced  multi-fuel  capacity.  The  engine 
has  no  radiator,  hoses,  fan,  or  associated  belts.  In  fact,  this  version  of  the  Adiabatic 
engine  has  361  fewer  parfs  than  the  standard  cooled  engine  from  which  It  was  derived. 

Presently,  the  piston,  cylinder  liner,  cylinder  heads,  exhaust,  and  Intake  partB 
are  coated  with  a  ZrO,  based  coating.  Future  versions  of  the  engine  will  utilize 
more  ceramic  coated  or  even  monolltlc  ceramic  components. 

The  ract  that  a  viable  ceramic  materials  option  (ZrO-  based  coatings)  was  available, 
has  enabled  the  TACOM/Cummlns  design  team  to  take  a  proactive  materials  substitution 
position  eliminating  the  need  for  extensive  use  of  critical  materials  to  provide  the 
worlds  most  fuel  efficient  vehicular  engine  technology. 

Summary 

1.  It  Is  becoming  Increasingly  apparent  that  high  performance  ceramics  can  function 
In  many  of  the  Industrial  roles  now  filled  by  chromium  or  cobalt  containing  alloys. 

?.  Replaclve,  dlsplaclve,  and  proartlve  substitution  of  critical  materials  by 
j,,gh  performance  ceramics  are  currently  under  development. 

3.  Major  areas  where  structural  ceramics  are  likely  to  substitute  for  "critical" 
metals  In  the  near  to  mid-term  future  Include:  heat  engine  components,  cutting  tools, 
and  small  caliber  gun  barrel  liners. 
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ABSTRACT 

The  r.S.  bureau  of  Mines  has  been  a  strong  advocate  of  as  ter  lsls  recycling  for  over  50  years  and 
has  emerged  as  a  world  leader  In  the  development  of  Innovative  recycling  technology.  Because 
i  ecycl!  ng  conserves  alneral  reserves,  the  Bureau  considers  tha  mineral -baaed  waste  products  generated 
by  industry  and  the  consuming  public  as  potential  secondary  mineral  resources,  ilhls  paper  presents 
praslslrg  technical  so  lot  lone  to  complex  recycling  problems  such  ss  recovery  of  cobalt,  nickel,  and 
chromium  from  superalloy  scrap;  the  separation,  reoovery,  and  reuse  of  nickel  end  ohramlua  from 
stainless  and  specialty  steel  wastes;  precious  metal  reoovery  from  electronic  scrap;  an 
environmentally  acceptable  method  for  recycling  lead-acid  battarlae;  reoovery  of  nonferrous  metals 
from  scrap  automobiles;  and  rapid  scrap  Identification  methods  suitable  for  today's  modem  alloys. 


UNIT  UP  MEASURE  ABBREVIATIONS  USED  IN  THIS  RETORT 
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INTRODUCTION 


The  mission  of  the  U.S.  Bureau  of  Mines  la  to  help  ensure  the  oont tnued  viability  of  the  domestic 
minerals  economy  and  the  aaintenenoe  of  an  adaqiate  al nereis  bass  so  that  tha  Nation's  socncmlc, 
social,  strategic,  and  environmental  needs  can  be  mat.  As  part  of  that  mission,  the  Bureau  oonducts 
research  programs  to  provide  nai  and  Improved  technology  for  recovering  and  recycling  metals  and 
al nereis  from  a  variety  of  waste  aaterlals.  The  recycling  program  addresses  the  basic  objective  of 
recovering  for  reuse  the  aetal  and  alneral  values  contained  In  wastes.  This  reoovery  and  reuse  will 
leaaen  U.S.  Import  dependence  on  strategic  and  crltloal  metals  (Cr,  Co,  and  Nl),  as  wall  as  other 
economically  Important  ocaaodltlas  (Pb,  Al,  Zn,  Cu,  and  precious  metals).  The  Bureau  of  Mines  views 
recycling  as  an  important  and  valuable  means  of  cormtrv ing  mineral  reserves  and  considers  the 
Blneral-beaed  waste  products  generated  by  Industry  and  the  consuming  public  ss  potential  secondary 
resources. 

Authority  for  this  research  is  derived  Tram  the  Organic  Act  of  1910  (30  U.S.C.  1-11),  uhia. 
established  the  Bureau  or  Mines.  It  was  later  reinforced  by  the  Mining  and  Minerals  Polloy  Act  of 
1970,  Public  Lmv  91-131,  which  states  in  part  *•••11  la  tha  continuing  policy  of  the  Federal 
Government  In  the  national  Interest  to  foe ter  and  enoourage  •••the  use  and  recycling  of  scrap  to 
promote  the  wise  and  efficient  use  of  our  natural  and  reclalanble  alneral  resources***. *  The  moat 
recent,  legislation  affecting  the  Bureau,  the  National  Materials  and  Minerals  Polloy,  Reas  arch  and 
Development  Act  of  1980,  Public  Lmr  96-479,  specifically  directs  It  to  increase  the  level  of 
metallurgical  research  In  tha  area  of  strategic  and  critical  aaterlals.  Current  recycling  prog res 
emphasis  Is  on  reoovery  of  Co,  Nl,  and  Cr  from  superalloy,  stainless  steal,  and  specialty  steel  scrap 
and  wastes. 

Tha  Bureau  at  Minas  has  bean  Involved  In  recycling  research  for  over  50  years,  and  in  the  1970's 
was  reoagnlxed  ss  t  world  leader  in  the  field  by  the  Bureau  International  da  Is  Recuperation,  a 
worlds ldu  organisation  of  recyclers.  That  organisation  presented  Its  first  gold  medal  to  tha  Bureau 
la  April  1979,  In  recognition  of  Its  outstanding  achievements  in  recycling  technology  over* the  years. 

As  a  result  of  Its  extensive  research  efforts  in  recycling,  the  bureau  has  trained  and  developed  a 
cadre  of  scientists  and  engineers  who  use  Uielr  metallurgical  and  minerals  processing  training  and 
experience  to  aolve  the  complex  recycling  problems  crested  by  modern  metallurgical  technology.  The 
bureau's  Minerals  and  Materials  Research  activity,  which  Is  composed  of  over  600  Mploysee  at  7 
raaaerrh  facilities  located  across  the  United  States,  is  wall  equipped  to  address  modem  recycling 
problems  end  has  made  mrj  significant  contributions  to  recycling  technology. 


In  the  Ute  I960'*,  Bureau  scientists  developed  the  technology  needed  to  diapoee  of  9  all lion 
surplus  Cd-Mg  oesings  produced  for  World  War  II  bombs.  A  vacuum  distillation  and  selective 
oondenaatlon  process  was  devised  that  allowed  the  surplus  oesings  to  be  refined  Into  serk stable  Cd 
end  Hg  products  (1).  A  sore  rsoent  achievement  was  the  development  of  a  practical  method  to  recover 
Co  and  refractory  oarbldes  free  cemented  oarbide  scrap.  The  Bureau  patented  prooess  (2)  involves 
heating  the  oarbide  scrap  in  aolten  Zn,  which  breaks  down  the  Co  aetrlx.  When  the  Zn  Is  rsaeved  by 
vaouua  distillation  for  reuse,  the  oarbide  and  Co  rwaln  In  a  brittle  mm  that  oen  be  ground  to 
reusable  powder.  At  least  seven  oaapanies  are  ik »  using  this  prooess  to  recover  oarbide  scrap  that 
was  previously  discarded.  Another  ftireau  patented  prooess  (3),  for  separating  and  recovering  the 
aetal,  mineral ,  and  energy  values  contained  In  aunlclpal  solid  waste,  has  been  adopted  In  whole  or  in 
part  by  aany  auiiolpalltlee  In  the  United  States  and  abroad.  A  $60  Billion  recycling  plant  baaed  on 
this  technology  was  constructed  In  Monroe  County,  New  York,  and  Is  oapable  of  prooesslr«  about  1.8 
Billion  kg  (2,000  t)  of  auilclpal  waste  dally. 

This  paper  presents  saae  axaaplas  of  reoent  Bureau  research  that  show  premise  ror  solving  complex 
recycling  problaas.  Topics  discussed  include  recovery  of  Co,  Ni,  and  Cr  free  supers! Icy  scrap; 
set  ration,  recovery,  and  reuse  of  Mi  and  Cr  free  stainless  and  specialty  steel  wastes;  precious 
Betels  recovery  from  electronic  scrap;  a  hydroaetal lurgioal  asthod  to  recycle  scrap  Pb-aoid 
batteries;  recovery  of  nonferrous  aetals  free  scrap  automobiles;  and  devalopaent  of  scrap 
Identification  methods  suitable  for  today's  aodam  alloys. 

To  aeocapllsn  Its  research  effectively,  the  Bureau,  through  formal  and  Informal  agreements, 
consults  and  cooperates  with  suoh  prestigious  U.S.  recycling  organizations  as  the  National 
Association  of  Recycling  Industries,  the  Institute  of  Scrap  Iran  and  Steal,  the  Aluminum  Recycling 
Association,  the  American  Iron  and  Steel  Inatltute,  and  the  American  Found rymen's  Society,  aa  wall  as 
Witt,  many  Individual  ocmpanlee  involved  In  handling  and  recycling  ferrous  and  nonferrous  aorap.  This 
mutual  cooperation  ensures  that  the  Bureau's  recycling  program  addresses  real  problems  of  national 
significance  and  enhances  technology  transfer  to  users. 

SUKMLLOt  SCRAP  (SAS) 


Bureau  of  Mines  interest  In  rinding  an  efficient  and  economical  method  to  treat  SAS  dates  back  to 
the  early  1960's.  Techniques  for  recycling  Nl-  and  Co- base  alloys  had  been  devised  but  were  complex, 
costly,  and/or  Inefficient  In  recovering  both  the  major  and  minor  ocaponanta  of  scrap  alloys.  One 
early  Bureau  soheme  to  treat  SAS  Involved  a  sulfation  and  leaohlng  treatment  of  oxidized  alloy  to 
remove  Co  and  Nl  sulfates  with  Mo,  W,  ->nd  Cb  remaining  In  the  residues.  Electrolysis  In  H^SOq  was 
used  to  dlsaaolve  the  alloys  (A).  A  Bureau  technique  consisted  of  a  combined  solvent 

extraction-electrolytic  method  for  producing  high-quality  Nl  and  Co  from  NlO?  containing  76  pet  Ni 
and  0.8  pet  Co  as  well  as  other  metals  (6).  Still  another  method  Involved  chemical  reclaiming  of  SAS 
turnings,  borings,  and  grindings  in's  chlorinated  acid  solution  with  separation  and  recovery  of  each 
component  metal  by  a  ssrlaa  of  operations  oampriaing  oarbon  adsorption,  solvent  extraction,  and 
selective  precipitation  (6).  Several  electrochemical  techniques  also  were  developed  using 
dlaphra^-typa  cells.  One  was  a  combination  solvent  extraction  procedure  to  remove  and  separate  Co 
and  Fe  from  Nl  fol loved  by  electrodepoeltion  of  pure  Nl  and  Co  from  chloride-based  purified 
electrolyte  (7).  The  other  employed  a  diaphragm- type  electroytic  oell  that  was  80  pot  efficient  in 
recovering  Co  and  Nl.  Bow  aver,  no  eat la factory  asthod  was  developed  for  reclaiming  Cr  from  the  scrap 


Recently  «  comprehensive  study  (9>  of  tha  demastio  availability  or  Cr  from  six  classes  of  SAS  was 
conducted  and  published  using  1976  data.  (Ses  Table  1.)  The  six  alloy  classes  In  this  availability 
study  were  aa  follows: 

1.  Investment  oast  Nl-  and  Co-bass, 

2.  Hardfsc.ng  oast  Nl-  and  Co-baas, 

3.  wrought  Nl-  and  Co-baas, 

A.  Wrought  Nl-fs-lmas, 

6.  Host-res la tent  alloy  oes tings, 

6.  Corros loo-res la  tent  alloy  oast Inga. 

Table  1  •  U.S.  availability  of  six  classes  of  SAS  oontaining  Cr 


L.u3^rr: . r.rtFTTEirRF 

Downgraded . I  A7.6  I  1OA.9  I  18 

Exported . I  8.9  I  19.7  I  3 


_ TbuiMw.^ta)*  1  j  1  j ;l  &£?  fa&j  1  10^  — 

The  loet  aatarial  was  primarily  oxide  oontaml rated  and  not  eooncmloally  recoverable.  The 
downgraded  and  exported  categories,  however,  oontained  (0  million  kg  Cr  (22.1  million  lb),  2.7 
million  kg  Co  (6*9  million  lb),  and  2A.0  million  kg  Nl  (63  million  lb).  Baaad  on  this  Information, 
tha  fereau  of  Mints  Initiated  several  research  projects  to  develop  eooncmloal  methods  to  reoover  t he 
Cr,  Nl,  and  Co  from  some  of  this  aaterlal. 
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*  scheme  for  recovering  Cr  and  other  eetals  fro*  SAS  Is  described  in  detail  in  a  Bureau  publication 
( 10).  As  in  other  processes,  a  blended  scrap  ohange  is  aelted  and  partially  oxidized,  resulting  in 
Tl,  Al,  Zr,  and  Hf,  but  little  Cr  is  segregated  to  the  slag.  The  bath  is  then  sulfldized  to  fora  a 
partial  aatte,  a  Mixture  of  aolten  aetallic  sulfides.  When  solidified,  the  aatte  contains  three 
aajor  components:  nickel  sulfide  (NI3S2),  ohrcmlua  sulfide  (Cr^Sj),  and  a  Mi-rloh  aetal  phase.  The 
sulfur  content  of  the  aatte  Is  critical. 

At  the  aptiacm  sulfur  level,  virtually  all  of  the  Cr  is  contained  in  the  CrjSj,  and  a  good 
separation  is  poeslble.  Subsequent  sepe ration  of  the  aetal  and  sulfides  oan  be  achieved  by 
conventional  signet le  separation  and  froth  flotation  or  by  other  mineral  processing  techniques.  The 
essentially  Cr-free,  Nl-rieh  caaponents  are  than  given  e  hydrochloric  acid-chlorine  leech  (HCI-Ct?) 
that  leaves  elemental  sulfur  as  a  recoverable  residue.  The  Fe  and  Ho  ere  removed  by  hydrolysis. 
Solvent  extraction  and  electron  inning  steps  then  produce  pure  electrolytic  Hi  and  Co.  The  CrjSj 
contains  seem  dissolved  Ml  that  oan  be  removed  by  leaohing.  However,  since  a  Cr  aetal  product 
containing  N1  would  probably  be  acceptable  for  the  superalloy  industry,  further  separation  was  not 
extensively  investigated.  The  preferred  process  Involves  roasting  to  a  lew-sulfur  oxide  product  in  a 
fluldlzed-bed  converter,  followed  by  alumirwthermlc  reduction  that  produces  a  Cr-Ni  aetal  lrgot. 

The  basic  process  was  tested  in  a  series  of  laboratory  experiments.  In  scam  oases,  nodi  fleet  ions 
of  the  basic  schema  were  defined,  and  limited  testing  was  conducted.  Based  on  the  results  of  the 
experimental  work,  a  pilot  plant  was  designed  to  treat  45  kg  (100  lb)  of  scrap  feed  per  hour.  A 
simplified  flowsheet  for  the  proposed  plant  la  presented  in  Figure  1. 


Scrap  ImS 


nickel  a  Hoy 


Figure  1  •  Proposed  flowsheet  for  reoovery  of  Cr  and  other  aetal  values  from  SAS. 


Another  study  oondocted  for  the  Bureau  (11)  reports  on  a  oonoeptual  pyroaatal lurglaal  flowsheet 
that  demonstrates  the  key  prooeaa  a tape  for  reoovery  of  Cr  from  a  variety  of  SAS  as  a  farroohrcmlum 
product  in  a  batch  prooeaa.  The  selective  oxidation  of  Cr  into  s  Cr-rteh  slag  had  been  shown  to  be 
feasible  by  previous  Bureau  reaaaroh  (4).  Chr<miia- bearing  SAS  was  as Usd  and  the  Cr  oxidized  to  the 
a  lag  by  blowing  the  aelt  with  0^-Hj  gas  aixturea.  Following  tapping  of  the  alag,  the  contained  CrjOj 
oan  be  reduoad  with  C,  Al,  or  farroelUoon  to  produoe  a  fsrroohromiiai  product.  Figure  2  shows  a 
airlifted  flowsheet  of  the  proposed  pyroaatal iurgioal  asthod  for  recovering  the  Cr,  Nl,  and  Co. 

Four  mamernlil  grades  of  SAS  ware  used  to  oenduot  the  experiments  and  teat  the  viability  of  the 
rinwsheet.  Besides  SAS  aaaplaa,  other  aaterials  charged  to  the  furmoa  lnoluded  fluxing  agents  and 
reouotante.  TWo  induction  fumaoes,  a  50-kH  furnaoe  with  a  capacity  of  9*0  kg  (20  lb)  and  a  20-Jdt, 

0.  *5-kg  (1-lb)  oapaoity  furnaoe,  were  uaad  in  the  experl  mental  work.  The  fumaoes  were  arranged  to 
allot  top-blowing  with  aixturea  of  nitrogen  and  oxygen  onto  the  surfaoe  of  the  molten  baths  for 
oxidation  purposes.  Bottom-blowing  with  nitrogen  wea  achieved  through  a  tuyere.  Deduction  was 
aooompllahed .  by  adding  a  weighed  amount  of  raduotant  (graphite,  ferrosilloon,  or  alwlnua)  onto  the 
surfaoe  of  a  aolten  Cr-bearlng  slag  produoad  during  an  oxidation  experiment. 
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Chromium  product 


Figure  2  -  Unit  operations  of  proposed  process  for  recovering  Cr,  Nl,  and  Co  from  SAS. 


Data  obtained  froa  the  experimental  work  lndloated  that  Cr  rmsovala  fraa  the  Cr- bearing  SAS 
exceeded  99  pet  regardless  of  the  presence  of  other  alloying  elements.  As  expected  from  ccnmsrclal 
practice,  no  difficulty  was  expertenoed  In  reducing  CrjOj  (In  e  slag  phase)  to  Cr  eetal.  There  was 
no  evidence  of  Nl  or  Co  oxidation  while  Cr  oxidised.  It  was  possible  using  ferrosllloon  to  recover 
up  to  95  pet  of  the  Cr  Initially  prssant  In  a  slag  phass.  Sufficiently  good  Fe-Cr  separation  to 
produce  a  ferrochroaiua  product  suitable  for  a taa leaking  also  was  achieved  by  bottom-bluli«. 

C caparison  of  top-blowing  end  bottom-blowing  experiments  with  aslts  having  similar  levels  of  Cr 
Indicate  that  with  bottom-bluing,  Cr  can  be  oxidised  with  little  or  no  Fa  oxidation  occurring.  This 
could  not  be  achieved  with  top-bluing.  Using  synthetic  slags,  that  Is,  slags  that  were  not  produced 
In  an  oxidation  experiment,  a  ferroohromlum  product  was  produced  that  contained  65  pot  Cr  at  a 
reoovery  of  95  pet  of  the  Cr.  Additional  work  needs  to  be  conducted  using  an  electric  arc  furnace  to 
Insure  a  high- temperature  slag  to  promote  fluidity.  Oxygen  lancing  onto  the  top  surfaoe  of  the  melt 
Is  also  proposed  a a  the  simplest  way  to  achieve  Cr  oxidation.  Although  appropriate  Cr-Fe  ratios  have 
been  obtained,  the  ultimate  purity  of  the  ferrochrcmlum  product  with  respect  to  alloying  elements 
such  as  W,  Ho,  and  Ta,  which  report  to  the  slag,  needs  further  Investigation. 

Currant  Bureau  rams arch  on  treatment  and  reoovery  of  SAS  Includes  Investigations  of  Improved 
methods  to  reoover  oritloal  alloy  me tale  from  grindings  and  oily  oontamlnatad  sludges  as  well  as  bulk 
alloy  aorap.  Ona  premising  technique  Involves  reacting  bulk  scrap  with  molten  A1  or  In  to  form  an 
easily  oruahmble  and  readily  dissolvable  Interns tallio  ooapound.  Another  aoheaa  la  baaed  on  netting 
mixed  SAS  into  anodes  (Valued  by  electrolytic  reoovery  of  a  Nl-Co  alloy  by  con  trolled -potential 
electrolysis. 

The  objective  of  Urn  bureau's  currant  work  on  grinding  wastes  is  to  devise  a  method  for  separating 
and  rmooearlag  Co,  Hi,  and  Cr  aa  wall  as  associated  metal  values  ffm  hard  faced  grinding  sludge 
wastes  that  result  from  industrial  finding  of  valves  and  valve  seats  (Figure  3).  To  tnoraaa*  angina 
durability,  bardfacing  la  applied  to  a tael  valves  and  ground  to  finished  alas.  Although  the  Initial 
hard facing  alloy  contains  no  Fe,  the  grindings  oontaln  aa  suah  as  30  pot  Fa  baas  aetal  contaminant 
froa  natal -finishing  operations.  Conventional  mineral  beneflolation  techniques  such  aa  tabling, 
flotation,  and  aap’iet.lc  separation  wars  Ineffective  for  asperating  aetal  lias  free  troublesome 
grinding  debris.  Articles  of  AljOv  banana  entrained  in  the  aetal lie  shreds  and  prevent  the  use  of 
pbpaldal  separation  methods. 


figure  J  -  Hardfaoed  valve  before  grinding  and  Co-rich  grinding  waste, 
(left);  finished  valves  (right). 


*  conceptual  flowsheet  being  examined  to  treat  such  wastes  Is  shown  In  Figure  a.  The  grinding 
waae  is  usually  contaminated  with  cooling  oil  and  first  requires  degreasing  before  leaching.  The 
degreased  grind. ngs  contained  In  pot,  30.1  F'e,  ?0.9  Cr,  15.  H  Co,  1 3* 6  Nl,  3.9  Hn,  5.d  H,  and  10.7 
acid  insoluble  material,  which  was  mostly  abraded  grinding  media.  Leaching  results  showed  that  HCl 
and  aqueous  chlorine  were  effective  solvents  for  the  grinding  waste.  Satisfactory  metal  extractions 
were  readily  achieve!  with  both  solvents  in  6  h  of  leaching  at  boiling;  however,  with  HCl  W 
extraction  was  inly  1 3.  q  pet  whereas  with  aqueous  chlorine,  It  was  75  pet. 


Grinding* 


I 

To  chromium  recovery 


Figure  M  •  Major  conceptual  op  at Iona  for  reclaiming  metal  values  from 
hardfaoad  grinding  wastes. 
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Research  is  currently  In  progress  to  separate  and  recover  netai  values  frae  both  the  HC1  and 
aqueous  chloride  leach  liquors.  Methods  being  considered  are  Ion  exchange,  solvent  extraction, 
adsorption  and  sale  live  precipitation.  Only  when  an  appropriate  metal  recovery  system  has  been 
developed  will  a  cammtible  leaching  procedure  became  apparent. 

Another  promising  technique  under  study  Involves  the  formation  of  Intermetal 11c  compounds  of  SAS 
with  A1  or  Zn.  The  key  to  this  work  is  formation  of  a  readily  crushable  lntermetalllc  compound  by 
melting  off  grade  scrap  with  A1  or  Zn  in  an  Inert  atmosphere  (Figure  5).  It  was  determined  that  an  A1 
content  of  30  pot  at  1,873  X  (1,600*  C)  was  optima  for  obtaining  an  easily  orushable  alloy. 

Leaching  alloys  of  this  composition  with  6JN  HC1  or  611  H^SOg  st  368  K  (96*  C)  resulted  In  dissolution 
of  over  90  pot  of  the  alloys  tested  in  only  I  ft. 


POWDER  CONTAINING  W,Co,Cf,Mo,W- 1 


Figure  b  -  lntermetalllc  compound  technique  for  reducing  bulk  SAS  to  powder. 


Table  2  shows  the  dramatic  Increase  In  dissolution  rate  for  three  commercial  alloys  using  the 
lntermetalllc  compound  forme t Ion  technique.  Current  studies  are  focused  on  using  Zn  in  lieu  of  Al. 

At  1,123  K  (850*  C)  molten  Zn  also  will  dissolve  the  superalloy  material  and  procfeoe  the  same 
friable,  cruahable  characteristics  obtained  with  Ai,  although  more  Zn  Is  required  than  when  using  Al. 
Htmever,  the  advantage  of  using  Zn  is  that  It  oan  be  vscuvae-dlstUled  from  the  reacted  alloy  aaterlal 
and  recycled  beck  to  the  process.  Additional  research  is  being  oooducted  on  precipitation  of  the 
ccmponent  metals  fro  the  acid  leachates  with  the  addition  of  CaO  or  NaOH.  Controlled  potential 
electrolysis  also  will  be  Investigated  as  *  possible  method  to  reoover  the  individual  metal  values 
fro  the  leach  solutions. 


Tsble  2  -  Height  loss  after  leaching  SAS  with 
6N  HC1  at  368  K  (95*  C),  1  h,  peroent 

.  1 1 1  j  mgf^ghijr..  j.  Aucy  piu^y  pet  a!  ~ 

Mar-M-509  . 1  .66  i  92 
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Another  scht  under  Investigation  In  bureau  laboratories  Involves  malting  SAS  to  form  anodes  for 
electrolytic  processing.  Figure  6  depicts  Ua  steps  Involved  with  treating  deoiled,  mixed 
contaminated  aeohlnlng  chips  in  an  Induction  furnace  under  s  protective  atmosphere,  followed  by 
oaatlng  Into  anodes.  It  should  be  noted  thet  any  new  technology  muat  be  applicable  to  scrap  mixtures 
of  Ml,  Co,  and  Fe-Xl  bass  alloys  with  relatively  high  Co,  Cr,  and  Ni  contents.  Mixture  ranges  of  10 
to  20  pot  Co,  15  to  25  pot  Cr,  and  50  to  65  pot  Nl  must  be  used  in  order  to  be  effective. 


Synthesized  ocnpoeltlons  of  these  fixtures  have  been  oast  Into  anodes  and  are  being  evaluated.  Also, 
W,  Ho,  Cb,  fl,  V,  and  A1  aust  be  recoverable  in  order  for  nai  technology  to  be  efficient  in  Materials 
conservation. 


mm 


Figure  6  -  Basic  steps  Involved  In  producing  a  soluble  anode  fTon  SAS  for 
electrolytic  recovery  of  Co  and  Ml. 


Soluble  anodes  are  being  evaluated  to  determine  the  feasibility  of  using  a  controlled  potential 
electrolytic  Method  to  effect  Co-Ill  deposition  of  sufficient  purity  for  direct  recycle  as  a  Master 
alloy.  The  controlled  potential  electrolytic  Method  waa  pr Inertly  an  analytical  tool  In  the  past, 
but  la  now  considered  a  viable  approach  for  ocnplex  scrap  recycling  technology.  It  involves  control 
of  the  potential  between  the  oathode  and  the  reference  electrode  that  is  ls-eraod  In  the  electrolyte 
within  the  range  of  deposition  potentials  of  the  astsl(s)  being  deposited,  rather  than  direct  control 
of  the  sups rage  between  the  anodes  and  osthods.  The  controlled  potential  results  In  variable  control 
of  the  anode-cathode  aaperags  and  voltage  to  Maintain  the  desired  electrolyte-cathode  voltage  for 
continued  selective  deposition,  in  this  case  a  Co-Mi  product,  with  other  aetal  Iona  rsMtlnlng  in 
solution  or  reporting  to  the  sludgs.  Other  options  such  as  the  use  of  an<<ie  baskets  to  contain  the 
scrap,  In  lieu  of  r awaited  anodes,  or  electro* Inning  free  solution  also  are  under  consideration. 


STAINLESS  STEEL.  (3S)  WASTES 


An  availability  study  (12)  was  aads  of  scrap  Metals  containing  Cr  in  the  united  States  that  covered 
w rough t  S3  and  heat- resistant  alloys.  This  report  concluded  that  the  total  SS  scrap  generated  in 
1977  as  prtapt  industrial  and  obsolete  scrap  (Mounted  U  781.0  Million  kg  (861,000  t).  4  brmakdotn 

Is  shown  in  Table  3. 


Table  3  -  U.S.  availability  of  proapt  industrial 
and  obsolete  SS  scrap 


Based  on  an  averse  Cr  oontant  of  16.7  pet,  56 ,2  Billion  kg  (62,000  t)  of  potentially  recoverable 
Cr  waa  lost  In  SS  aermp  alone  In  1977.  Huah  0 f  this  mreoowsrsd  scrap  originated  froa  appliance*, 
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utensils,  and  cutlery.  4  significant  factor  in  tha  Mount  of  SS  available  for  reuaa  in  the  future 
Mill  be  the  decree  to  Mhloh  automobile  aatalytio  oonverter  shelle  Bade  from  type  409  S3  are  recycled. 
It  a  production  rata  of  10  ail lion  care  per  year,  tha  16-kg  (35-lb)  oonverter  shell  could  generate  as 
»jch  as  158.7  alllion  k|  (175,000  t)  of  SS  scrap  per  year.  Cara  containing  these  aatalytio  oonverter 
shells  are  only  now  being  retired  in  significant  quantities  fraa  active  service  in  the  United  States. 

It  is  sit lasted  that  over  9  Billion  kg  (20  Billion  lb)  of  Cr  and  3.6  Billion  kg  (8  Billion  lb)  of 
Nl  plus  other  aetal  values  such  as  Ho  and  Nn  are  last  annually  to  fumaoe  dusts,  Bill  scale,  and 
contSBinatad  grinding  atarfa  in  the  U.S.  stainless  and  specialty  a tea  leaking  industries.  Reoantly 
the  Bureau  of  Hines  devised  a  premising  pelletising  procedure  (13)  for  treating  and  reooverirg  90  pot 
or  more  of  the  Cr,  Nl,  Ho,  and  Fe  in  these  wastes.  Manganese  also  oan  be  recovered  by  this  process. 

The  oaaaeroial  feasibility  of  the  pelletising  aethod  was  shown  by  a  number  of  industrial-sired 
electric  arc  furnace  heats,  wherein  the  pelletised  wastes  represented  as  auah  aa  19  pot  of  the 
furnace  charge,  replacing  part  of  the  normal  S3  scrap  aharge.  Palletised  waste  products  used  in  the 
laboratory  and  commercial  soale  heats  were  electric  fumaoe  (IF)  baghouas  duet,  argon-oxygen 
deoarturixatlon  (400)  vessel  baghouas  dust,  oenterleas  grinding  atarf,  and  mill  soale.  Figure  7 
shows  a  typical  alxture  of  the  four  types  of  wastes  used  to  produoe  tha  pellets  and  the  rinal  fumaoe 
product.  Hast*  aateriala  were  supplied  by  a  private  ocapany,  and  analyses  of  the  principal 
c deponents  are  given  in  Table  4. 


Figure  7  -  Simplified  schematic  showing  four  ocamon  SS  wastes,  pellets  prepared 
fr«B  the  wastes,  and  reeyolabls  neater  alloy  Ingot  ada  by  smelting 
tha  pellets. 


Table  4  -  Partial  chains!  analyses  of  typioal  S3  waits  produets,  psroent 
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Pelletising  waa  selsoted  aa  tha  most  prmotloal  and  aoonaaio  aaans  to  m»1  rants  Urn  wastaa.  Tha 
four  steal  asking  wastaa  wars  ocmbtnsd  in  gppreaimaUly  the  sas  proportion  originally  generated  at  s 
ooamwoui  plant  and  mtasd  with  ache  breaaa  rsduutant  and  Portland  oaaat  binder.  For  a  plant 
collecting  all  four  wastaa,  u»  typical  acnpoalttor  0 1  tbs  pallets,  in  peroat,  waa  aa  follnra:  20, 
tr  dust  ad  mil  aoale  1  15,  400  dust;  45,  griadlag  atarf  1  10,  ooka  breast)  ad  4,  Portland  oamL 
Figure  8  shows  Um  flat  dl ay  Far  iatarnfary  agilasimtlon  of  the  Am*  wastes. 


Finished  pellets  Mill  scole 


Figure  8  -  Flaw  dlagrae  for  laboratory  amlrmaratlnn  of  four  oaaaon  SS 
wastes  by  pallatizing  with  oofca  broaza  reduotant  and  oament 
binder. 


Early  laboratory  teats  in  a  '5-kg  ( 100-lb)  Induction  furnaoe  Indicated  that  a  variety  of 
combinations  of  pallet  compositions  oould  be  used,  and  the  carbon  content  of  the  coke  breeze  would 
reduce  Iron  and  nickel  oxides  and  aost  of  the  ahroalua  oxide.  Perron illoon  was  added  to  the  molten 
bath  to  aoavenge  the  mining  Cr  from  the  slag.  The  furnaoe  waa  charged  with  90  to  95  pot  pallets 
and  5  to  10  pet  loose  mill  scale.  An  all-pellet  charge  also  can  be  used  to  reduoe  a  backlog  of 
wastes  at  a  plant.  However,  It  la  anticipated  that  In  normal  ccsamrclal  practice  only  10  to  20  pet 
of  the  furnaoe  charge  would  consist  of  palletized  wastes  to  replace  a  portion  of  the  S3  scrap  charge. 

Pellets  containing  as  much  aa  55  pet  mill  soale  from  five  different  plants  produced  equally  good 
results.  Blending  and  pelletizing  all  four  waste  types  represents  the  most  complicated  set  of 
conditions.  In  those  plants  that  generate  only  one  or  two  of  the  four  wastes,  pelletizing  is 
simplified. 

Subsequently,  907 -kg  (1-t)  heats  of  the  pelletized  mixture  were  conducted  In  a  ocmaerclal  plant. 
Chromium  reoovery  waa  Idler  than  experienced  In  the  laboratory  size  testa,  but  still  acceptable.  The 
HI  reported  to  the  ingot  aa  expected.  A  3,629-kg  (8,000>lb)  master  alloy  Ingot  frem  all-pallet  heats 
made  at  a  private  plant  was  Incorporated  Into  a  ocmaerclal  17, 237 -kg  (19-t)  heat  of  typo  316  SS.  The 
experimental  Ingot  was  ocapletely  ocmpa title  with  the  SS  scrap  and  smde  up  the  be  lance  of  the  charge. 

At  this  point  It  waa  decided  to  asaasa  the  simpler,  more  economical  method  of  substituting  pert  of 
the  scrap  aharge  in  the  production  arc  furnaoe  with  pelletized  waste.  Five  heats  were  made  in  which 
pelletized  material  constituted  it  to  19  pot  of  the  charge.  The  pellets  wars  added  to  the  furnaoe 
with  the  SS  scrap.  All  five  heats  met  or  exoeaded  the  required  specifications  after  processing 
through  the  AOO  vessel  and  were  marketed  aa  ocamerolal  SS  bar,  rod,  or  forging  ingot,  kith  only  a 
faw  exceptions,  Cr,  hi,  and  No  recoveries  exoeaded  90  pot. 

The  work  was  oonolusiva  in  showing  that  SS  wastes  such  aa  nue  dust,  mill  soale,  and  grinding  miarf 
oan  ba  pallatized  and  rfiergad  auooaaafUlly,  along  with  aorap,  into  production  hssta  of  SS.  nils  not 
only  offers  an  opportunity  to  reoover  and  recycle  orltioal  metals  but  also  solves  waste  storage  and 
disposal  prnhlama 

Additional  testa  <  a  -Jaar  specialty  alloy  wastes  euah  as  those  generetmd  In  produolng  alloy  901 
pips  for  mas  la  the  and  oil  Industry,  alaotrochamloal  aeohlnlng  sludge  from  aircraft  angina  parts 
fabrication,  and  Cr-Xn  hydroalda  aludpe  resulting  from  Uw  treatment  of  apant  ohromlo  sold  plating 
solutions  tndloatmd  that  theme  and  similar  uaetaa  oan  ba  oomeartmd  Into  pallets  for  furnaoe  charging 
with  good  results. 
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Other  work  on  stainless  and  specialty  stealmaklng  waataa  In  the  aarly  stages  of  Investigation 
includes  methods  to  recover  Cr,  Ml,  and  Co  valuaa  from  slags  and  apant  S3  plakllng  aolutlona.  Taata 
on  apaolalty  ataalaaklng  a  lags  ara  balng  oonduotad  to  aagragata  and  upgrada  Cr-baarlng  fractions  from 
cruahad,  ground,  and  alsad  a  lag  samples.  Dm  a  lags  ara  characterized  aa  to  opposition  and  tha 
various  phaaaa  present.  Chroalua  la  praaant  In  tha  a  lags  both  a a  aatalllc  par-tic  laa  and  aa  oaaplax 
oxide  phaaaa.  Selective  laaohlng  and  X-ray  diffraction  analysis  lndloata  tha  praaanos  of  Cr-baarlng. 
spinel-type  caapounda  In  a  matter  of  tha  slags.  By  using  salactlva  sizing,  aagnetlo  separation,  and 
tabling,  tha  Cr-baarlng  oonstltuants  have  bean  liberated  and  sag rags tad  Into  upgraded  fractions. 
Recant  taata  have  shown  that  net  recoveries  of  about  60  pet  Cr,  98  pot  Ml,  and  85  pot  Fa  oan  be 
achieved  using  conventional  Mineral  bensflclatlon  techniques.  Efforts  ara  new  directed  toward 
laproving  Cr  recovery  and  tha  grade  of  separated  fractions. 

Bureau  research  on  recycling  and  recovery  of  apant  alsad  acids  and  sludges  free  acid  pickling 
operations  is  being  conducted  In  cooperation  with  the  Aaarloan  Iron  and  Steel  Institute.  Acid 
pickling  is  widely  used  In  tha  aetaia  industry  for  cleaning  annealed  and  hot-worked  S3.  Dm  aoet 
caeaonly  used  plakllng  bath  for  stainless  and  apaolalty  steels  la  a  mixture  of  HMOs  and  HF  acids.  It 
is  eat lasted  that  at  least  llk.OoO  s’  (30  Million  gal)  of  spent  Mixed  acids  ara  generated  aaoh  year 
in  the  United  States.  This  not  only  represents  s  significant  loss  In  valuable  aetaia,  nitrate,  and 
fluorine  values,  but  also  presents  s  disposal  problem.  Research  on  mold  plakllng  Is  focused  on 
electrageneretlon  of  the  spent  molds  with  secondary  efforts  on  other  potential  recycling  or  recovery 
technology  such  as  salactlva  crystallization,  solvent  extraction,  and  roasting. 

In  related  research,  tha  Bureau  la  studying  tha  fiaklamantala  of  tha  sold  plakllng  process  used  for 
cleaning  annealed  and  hot-worked  S3.  Greater  understanding  of  tha  effects  of  Important  bath 
ps raws  tors  such  aa  taaperature,  concentration  of  HMO3  and  HP,  chemical  oaaplax  foramtion,  somla  and 
alloy  ooapooitton,  agitation,  aeration,  lanralon  tins,  and  dissolved  natal  oonoentrations  oould 
result  in  the  selection  of  e  set  of  operating  conditions  that  would  ylald  improved  aurfaoe  quality  of 
the  SS,  reduoe  leas  of  critical  natals,  lessen  the  disposal  problem,  and  extend  tha  bath  Ufa. 

Initial  studies  are  focused  on  two  widely  used  SS  types,  30k  and  *30,  that  have  bean  subjected  to 
cold  or  hot  rolled -ml 11  anneal  treatments.  Dm  effects  of  solution  temperature  and  oompoaltion  on 
the  rate  of  metal  dissolution  are  being  evaluated.  Analyses  also  ara  balng  ands  to  characterize  the 
composition  and  structure  of  the  surface  and  tha  bulk  material  of  aaaplaa  removed  at  selected  times 
during  the  acid  plakllng  process. 


ELBCTHOHIC  SCRAP  (ES) 


Several  years  ago,  in  cooperation  with  the  U.3.  Department  or  Defense,  the  Bureau  initiated  a 
research  program  to  assess  tha  precious  metal  content  of  obsolete  ES  and  to  develop  a  method  to 
mechanically  process  ES  generated  by  tha  military.  Precious  metals  oan  be  round  In  electronic 
equipment  components  such  as  pin  oomeot ora,  contact  points,  sllver-oomtmd  wire,  terminals, 
capacitors,  plugs,  and  relays.  Seme  electronic  equipment  may  have  relatively  high  oonoentrations  or 
precious  metals,  and  same  apparatus  may  have  Uttla  or  none.  Dm  problem  is  to  determine  which 
components  oan tain  high  oonoentrations  of  precious  metals  and  segregate  those  pleoaa  meohanioally 
from  the  leas  valuable  Al,  Cu,  and  Pa.  Initially,  36  military  surplus  units  were  hand-dismantled, 
and  the  potential  ylald  of  base  and  precious  metals  fraz  amah  was  determined  ( Ik).  More  than  half 
the  units  were  radio  rmoalvera,  transmitters,  tuners,  and  power  supplies;  the  remainder  were 
miscellaneous  navigation  and  oammunloatlons  equipment  (figure  9).  All  36  units  ware  produced  prior 
to  1957  and  did  not  contain  any  printed  circuits.  More  recent  samples  of  ES  equipment  did  oontaln 
printed  circuits. 

After  shredding  end  screening,  ES  oan  ba  treated  as  a  oaaplax  ora  from  which  tha  various  components 
are  oonosntrated  in  disorate  fractions.  In  an  effort  to  estimate  the  distribution  of  precious  metals 
in  obsolete  electronic  equipment  and  determine  its  fair  market  value,  a  minerals  processing  oonoept 
was  rirat  developed  and  demonstrated  successfully  on  a  laboratory  scale.  Baaed  on  the  laboratory 
model,  a  small  pilot  plant  was  assembled  for  upgrading  the  scrap  into  metal  concentrates  at  feed 
rates  up  to  O.O63  kg/s  (600  Ib/h). 

Dm  pilot  plant  oonmlata  of  a  series  of  unit  operations  designed  to  take  advantage  of  the  physical 
properties  of  ES  oomponsnta  to  effect  separation.  As  shown  in  the  flowsheet  (figure  10),  the  sequence 
of  principal  operations  is  shredding,  air  olasslfioation,  wire  plotting,  magnet lo  separation,  sizing, 
and  finally  eddy -current  and  high-tension  separation  (HTS).  All  of  the  equipment,  with  the  exoeption 
or  tha  eddy-current  mm^Mtlo  prac leaner,  la  currently  In  use  In  the  mining  and  recycling  Industries, 
and  the  flat  sheet  represents  an  "off-tlw-ahelf*  approach  to  the  carer-el  1  pilot  plant  design. 
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The  pilot  plant  operations  are  continuous  through  the  troaaal  and  roll  orushlng  a tape.  The 
eddy-current  and  high-tenelon  aaparatora  ara  baton  operations.  An  overall  view  of  the  oontlnuoua 
pilot  plant  operation  la  atom  In  Figure  11.  Equlpaent,  left  to  right,  la  the  troaaal,  air 
olaaalflera  with  the  ourvad  diaoharge  duct  work,  asgnetio  separate r,  aoraan,  and  roll  orushers.  The 
shredder  la  In  the  oenter  background. 


Figure  11  -  Continuous  portion  of  the  0. 063-kg/a  (500-lb/h)  ES  pilot  plant. 


Products  free  this  prooass  are  an  Fa- base  fraction,  an  A1  fraction,  a  nixed  aetal  fraction,  a  wire 
fraction,  air  classifier  lights,  and  a  alnus  0.006-a  (1/A-ln)  noraagnatlc  aetal  fraction.  The  latter 
Is  reoovered  by  HTS.  The  HTS  fraction  represents  only  about  5  pot  of  the  total  Input  for  certain 
types  of  alxed  scrap,  yet  oontalna  one-half  of  the  total  Au  and  Ag.  Typical  Au  and  Ag  contents  In 
tne  HTS  rraotlon  range  free  0.6  to  1.2  and  9. A  to  18.7  */k*  (20  to  AO  and  300  to  600  oz/t), 
respectively,  depending  on  the  age  and  type  of  electronic  scrap  processed.  A  typical  preclou s- 
oe tale- beering  oonoentrate  after  HTS  of  aschanloally  processed  circuit  board  asseablies  is  shorn  in 
Figure  12. 

The  Mall  particle  else  of  the  HTS  rraotlon  aakea  It  Ideal  for  hydroaatallurgloal  traataant  to 
reoover  the  base  as  tala  and  further  oonoentrate  the  praoloua  astala.  Precious  astal  toll  refiners 
charge  by  weight  of  scrap  treated,  end  shipping  this  aetertal  without  extracting  the  base  Betels, 
even  though  It  Is  acceptable  as  la.  is  an  added  expense.  Typloal  feed  aaterlal  for 
hydrcastal lurgioal  pr ci ceasing  (HTS  fraction)  la  shown  In  Figure  12.  Alualnua  Is  extracted  free  the 
fead  aaterlal  in  the  first-stage  sapient  teaperature  NaOH  laaoh,  follcwad  by  Inc  Inara  t  ion  to  rsaove 
organic  aatter.  Mlokal  la  extracted  in  the  eeoond-etage  oxidative  dilute  HjSO*  laaoh  at  363  K  (90* 

C)  and  la  rMoved  free  the  spent  laaoh  ate  by  n— ntatlon  with  the  Fa-base  aagnetlo  fraction.  The 
third-stage  laaoh  was  oonduoted  In  oonoentrated  H^SO*  at  A23  K  (150*  C).  The  leach  residue  end 
leachate  contained  aoet  of  the  preolous  astala. 

Laboratory  lasts  dsaonstrstad  the  teohnloal  feasibility  of  treating  the  processed  ES  by  a 
hydrcwtal  lurgioal  asthod  to  reoover  praoloua  and  baas  astala  free  an  upgradsd  fraction  of  obsolete 
IS  (15),  lbs  throe  stags  laaoh  prooass  produoad  a  final  residua  amounting  to  only  12  pet  of  the 
Initial  (had  to  the  leaching  prooass,  yet  it  oenteined  all  of  the  Au  and  55  pot  of  the  Ag.  This 
residue  la  sasnsbls  to  preolous  astal  rsocvsry  by  toll  refining  at  a  rraotlon  of  the  cost  required 
for  the  original  read  aaterlal.  The  rMilnlng  *5  pot  of  the  Ag  la  reoovered  frm  the  third-stage 
filtrate.  Copper  was  reoovered  as  m  88-pet-grads  osasnt  Cu,  and  raoovarlas  axoaadad  90  pot. 
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Figure  12  •  Typloel  precious  metal-bearing  oonoentrete  (lower  right)  after  HTS 
of  atehanloally  proo— «d  olrault  board  assemblies 
(non  atilllc  rejects  on  laft). 


3CHAP  LEAD  ACID  BATTEKHS 


The  secondary  lead  Industry  In  the  (kilted  States  la  the  largest  produoer  of  Pb,  aooountlng  for 
about  *5  pot  of  domestic  production.  Over  90  pot  of  the  natal  supplied  to  the  secondary  aseltere  la 
In  the  fora  of  Pb-sold  batteries.  In  current  U.S.  ooaae ratal  praotloe,  Pb  natal  and  sludge  are 
separated  frca  the  battery  on as  and  the  sold  and  smelted  In  a  reverberatory  or  blast  fUrnaoe. 
talas lone  of  Pb  and  SOj  runes  during  smelting  are  dlffloult  to  oontrol  and  present  the  lntastry  with 
costly  technical  oontrol  options  if  It  la  to  east  U.S.  lead  emission  standards  (16). 

With  this  in  Bind,  the  bureau  Invest lasted  a  ocablnatlon  electroreflnlng-eleotrow inning  aathod  for 
recycling  Pb  free  scrap  batteries  with  the  dual  objective*  of  eliminating  the  Pb  and  SOj  sal salons 
associated  with  the  prieent  pyromtallurgloal  sat  1  ting  process  and  produolng  Pb  pure  enough  for  use 
In  as in tenanoe- free  batteries  ( 17). 


The  disoerded  aetal  and  battery  sludge  used  in  the  Investigation  was  obtained  from  a  large  deems  tic 
secondary  welter  and  was  typloal  of  aatarlal  charged  to  a  nnamerolel  reverberatory  fbrnaoa.  A  fully 
discharged  auto  battery  oontalae  3.6  a  10*3  (i  sal)  of  16  pot  HjSQg  eleotrolyta,  k.9  kg  (9.9  lb)  of 
Pb  aetal  In  the  gride  end  lugs,  and  9.7  kg  ( 12.6  lb)  of  Pb  aa  eulfete-oalde  sludge.  After  washing  to 
remove  adhering  sludge,  screening,  and  hand-pi oking  to  remove  plastic  and  rubbar,  the  aatarlal 
analyasd.  In  paroant,  66  Pb,  9  sulfate-oxide  sludge,  and  9  plastic  and  rubber.  The  sludge  analysed, 
in  percent,  60  FbSOg,  21  Pb,  end  19  PbOj.  The  Pb  aetal  grids  and  lugs  ware  as  1 tad  and  oast  into 
anodes  for  electrorefining.  Lead  waa  leeched  froe  the  sludge  by  treating  It  with  WgOOx  and 
(Wa)ieOx,  foliated  by  dissolution  in  waste  fluoalllolo  sold  (HjSIFvHjO)  for  reoovery  By 
electrow Umlng  (figure  13).  The  HySlPj-HeO  used  aa  eleotrolyta  both  for  eleotroreflning  and  for 
laaohlng  the  sludge  la  a  large  .volume  waste  product  generated  during  the  production  of  phosphite 
fertiliser.  lapure  anodes  were  prepared  for  eleotroreflning  by  melting  the  Fb-30  aetal  scrap  aad 
oaatlng  in  a  carbon  mold.  Patented  ( 16)  Insoluble  PbO^ooatad  T1  anodes  developed  by  the  Bureau  ware 
used  for  eleotrav Inning-  Cathode  starter  sheets  were  aide  from  nnmaernle)  thlok  oorrodlng  grade  Pb 
•hast.  Figure  1*  shows  the  oonflguratlon  of  the  anodes  used  for  eleotroreflalng  and  el eotraw inning. 


Fleurs  <3  -  Depletion  of  oaablnatlon  electrorefining  (top  path)  ant) 
electros  inning  (bet  tea  path)  aathod  for  recycling  Pt>  free 
Pb-acld  batteries. 


Figure  it  -  Anodes  used  for  electrorefining  (loft)  and  elect rationing 
(right)  Ft  free  scrap  Pt>-eold  batteries. 
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In  pn3t  work,  Pb  electro* inning  Called  beoauee  much  of  the  Pb  in  solution  reported  to  the  anodes  as 
an  Insoluble  PbO;  expound,  at  the  expense  of  aebal lie  Pb  deposition  at  the  oathode.  A  major 
technical  breakthrough  was  made  with  the  discovery  that  PbOj  formation  oan  be  prevented  by  having  as 
little  as  1.5  kg/»3  (1.5  g/L)  P  in  the  electrolyte.  The  waste  HjjSlFfc.H^O  Is  particularly  »jlted  for 
electrcwlnning  since  it  already  contains  the  necessary  P. 

One-  and  two-liter  plastic  vessels  were  used  initially  for  the  electrolytic  oells  and  later  were 
replaced  by  the  0.02-«3  (20-L)  multielectrode  cell  shown  in  Figure  15.  The  multlelectrode  cell  which 
consisted  of  3  cathodes  and  4  anodes  in  both  the  electrcwlnning  and  eleotroreflnlng  sections  produced 
about  45. a  Kg  UOO  lb)  of  Pb  during  a  7  day  cycle  In  each  electrolytic  section.  The  bench-scale  work 
described  above  shews  s  great  deal  of  premise,  and  Pb  of  99.99+  pet  oan  be  produced  routinely. 
Preliminary  economic  and  technical  evaluations  Indicate  potential  for  this  prooass,  but  additional 
larger  scale  demonstration  la  needed  to  ensure  Its  viability. 


Figure  15  -  Laboratory  unit  for  electroreflnlng  and  electrcwlnning  Pb.  On 
the  right,  electronic  control  panel  with  prooass  flew  diagram. 
On  the  left,  electrolysis  section  with  0. 02-ap  (20-L) 
aultlelactroda  oall  and  ancillary  equipment. 
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The  automotive  Industry  Is  one  of  the  largest  oonacaars  of  metals  and  also  one  of  the  largest 
sources  of  nm*  and  old  scrap  in  the  United  States.  Eight  to  tan  million  motor  vehicles  are  retired 
annually  from  active  service.  Developments  and  trends  in  the  automotive  industry  are  Indicative  of 
the  nature  of  the  changes  that  may  occur  In  scrap  oar  recycling  technology.  Automotive  materials 
specification  and  design  have  bean  undergoing  dramatic  changes,  especially  since  the  energy  crisis  of 
1974.  The  alsa  of  U.S.  oars  Is  being  raduoad,  dimensions  of  ooaponents  are  being  decreased,  and 
lighter  materials  are  being  substituted  for  steel  and  oast  Iron  parts.  Changes  soon  as  a  reduction 
In  the  use  of  plain  oerbon  steels  and  oast  iron  and  an  Increase  in  the  use  of  lew -alloy  high-strength 
steals,  aliaslnum  alloys,  and  plastics  have  already  occurred,  and  the  recycling  technology  to  deal 
with  them*  changes  must  be  developed  rxw. 

The  Bureau  of  Mines  has  had  an  active  research  program  on  recycling  ferrous  and  nonTarrous  values 
from  scrap  oars  alma  the  lata  1960's.  Some  work  also  has  baen  dons  on  the  arfeot  of  increased 
plmetlo  oontant  on  automobile  recycling  ( 19-20).  The  Initial  work  on  scrap  oars  began  with  the 
design  and  development  of  a  smokeless  incinerator  that  served  as  an  interim  solution  to  the  problem 
of  burning  nonaetelUos  from  so  rap  oars  (21).  Later,  Bureau  researchers  determined  the  composition 
of  a  typical  automobile  Including  ferrous  and  nonferroua  metals,  glass,  rubber,  and  plaatloe. 

Fifteen  U.S.  made  automobiles  were  statistically  selected  and  oaapletely  hand -dismantled  and 
separated  into  ferrous,  nonferroua,  and  normetalUo  fractions  (22).  Prom  these  data,  the  ocmpoaltion 
of  a  typical  automobile,  olroa  i960,  was  postulated.  Later,  several  1972*73  end  1979  model  U.S.  oars 
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were  dismantled,  and  average  compositions  for  these  oars  were  determined,  bureau  researchers  also 
harw-dlsmantled  four  models  of  1981-82  Japanese  oars.  Figure  16  shows  the  materials  contained  In  s 
hand-dismantled  1982  Nissan  Sentra.  In  addition,  two  Identical  Japanese  oars  from  each  manufacturer 
were  shredded  In  a  commercial  automobile  shredder,  and  all  of  the  products  were  collected  for 
analyses  to  compare  metal  recoveries  with  materials  distribution.  Table  5  summarizes  the  composition 
based  on  hand  dismantling  of  the  various  domestic  and  foreign  cars  described  above. 


Figure  16  -  Hand-dismantled  1982  Nissan  Sentra  automobile. 


1. 

Light  Iron 

14. 

Plastic 

2. 

Cast  steel 

15. 

Combustibles 

3- 

Stainless  steel 

16. 

Rubber 

4. 

Heavy  Iron 

17. 

Battery 

6. 

Zinc 

18. 

Lead 

6. 

Spring  steel 

19. 

Carbon 

7. 

Chrome-plated  steel 

20. 

Ceramic  (magnetic) 

6. 

Hardened  steel 

21. 

Ceramic 

9. 

Coated  copper  wire 

22. 

tabes  toe 

10. 

Cast  Iron 

23- 

Circuit  board  and  electrloal 

11. 

Capper  and  braee 

components 

12. 

Alunlnum 

24. 

Glass 

13- 

Vinyl 

25. 

Polyurethane  foam 

Table  5  -  Distribution  of  materlmls  in  automobiles  as 
determined  by  hand  dismantling 
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2  Commas  with  II  Untmlea. 


The  dl  mantled  198^  Sentrs  contained  about  12  pet  high-strength,  low-alloy  steel  that  was  not  found 
In  the  other  Japanese  cars.  Recovery  rates  for  ferrous  and  nonferrous  values  of  the  Japanese  oars 
after  shredding  were  88  and  60  pet,  respectively.  Comparable  reoovery  rates  for  U.S.  oars  after 
shredding  were  90  and  80  pet  for  the  ferrous  and  nonferrous  values,  respectively.  The  lower  reoovery 
rate  for  the  nonferrous  values  from  the  Japanese  oars  appears  to  have  resulted  free  generation  of 
large  aaounts  of  alumina  fines  that  are  lost  to  the  nonaetalllc  fraction  during  shredding  and 
processing.  There  were  no  materials  used  In  the  foreign  oars  that  would  present  secondary  metal 
recyclers  with  handling  or  processing  problems;  however,  the  amount  of  rejects  generated  per  ton  of 
ferrous  product  recovered  say  be  of  future  concern. 

During  the  pest  10  yr,  over  80  pet  of  the  cars  scrapped  In  the  United  States  have  been  processed  In 
over  200  shredder  operations  In  commercial  scrap  yards.  With  the  advent  of  these  shredders,  the 
Bureau  focused  Its  attention  on  recovering  nonferrous  values  contained  in  the  nonmagnetic  aeterlals 
disposed  of  by  these  processors.  Air  c lass 1  fleet Ion  methods  used  initially  ytaldad  conosntrates  of 
up  to  90  pet  matal.  However,  to  obtain  these  higher  purity  concentrates,  about  40  pet  of  the  matals 
are  lost  in  processing.  Bureau  researchers  then  sdsptsd  s  water  elutrlation  treatment  technique  to 
recover  the  metal  values  from  the  nonmagnetic  shredded  aeterlals.  A  0. 45-m  ( 18— In)  diameter, 
2.52-fcg/s  (10-t/h)  column  water  elutrlator  (Figures  17  and  18)  was  designed,  tasted,  and  evaluated  at 
a  commercial  shredding  operation  for  recovery  of  sized  nonferrous  metals  from  the  nonmagnetic 
material  and  has  proven  to  be  efficient  end  economical. 


figure  17  -  Schematic  of  Bureau  of  Hines  2. 52-kg/s  (10-t/h)  water  elutrlator 
tyaUm  for  separating  nonferrous  mstals  from  scrap  oar  shredding 
ope  ret  Ions. 


Operation  of  the  water  elutrlator  Is  staple  and  efficient.  Nonmagnetic  astsrlal  frem  the 
automobile  shredder  Is  fsd  onto  the  aurfeos  of  a  oolumn  of  rising  watar.  Dsns#  astarlsls  fall 
through  the  rising  watsr  and  are  collected  as  a  sink  preduot  at  ths  bottom  of  tha  ooluai; 
asdlisa-dsnslty  materials  are  removed  as  an  Intermediate  product  in  a  watar  flew  through  a  discharge 
port  located  between  the  overfills  and  sink;  and  light  as  tar  tala  are  carried  out  In  the  overflowing 
water  at  the  top  of  the  ooliari  a a  a  float  product. 

Nearly  99  pet  of  tha  mixed  met ale  ware  recovered  In  the  watsr  elutrlator  system  frem  ths  shredded 
normsgnetic  saterlal  as  a  70-pct-metal  concentrate.  Optimal  operating  conditions  have  yielded  a 
pet-pure  metal  product  resulting  In  a  93-pot  matal  reoovery.  The  elutrlator  float  product 
consists  ot  combustibles,  light  plastics,  roam  rubber,  and  minimal  amounts  of  00a tad  and  unooatad  Cu 
wire.  The  middling  discharge  is  made  up  of  msdlim-dsnsity  rubber,  plastics,  glees,  rock,  00s ted  and 
laiooatad  Cu  wire,  thin  sheet  S3,  and  wrought  Al. 

Reoorde  kept  st  a  00—1 1  111  shredder  operation  shew  a  3 4-pot  increase  in  nonmagnetic  metals 
reoovery  during  1  yr  of  operation  of  tha  Bureau  water  elutrlator,  oompsred  with  reooverlss  from  a 
previously  used  air  classification  system.  Detailed  Info  matlon  on  slse,  analysis,  and  distribution 
of  tM  product!  oan  be  found  in  rofsrsnoa  23- 
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Fleur*  18  -  Water  elutrlator  In  operation  at  coayerclal  scrap  yard. 


*rt«r  proving  the  caamarclal  viability  of  the  water  elutriator  In  reoovering  nonferroua  aetals  rrom 
scrap  automobile  shredding  operations,  Bureau  researchers  new  are  Investigating  the  use  of 
heavy-aedla  techniques  to  separate  the  nonferroua  Beta  Is  free  each  other.  Low -cost  barite  was 
sel>  tad  as  the  aedlua,  which  Is  prepared  by  ailing  it  with  water  to  the  desired  density.  The  barite 
i  aa.  ins  in  suspension  in  densities  (specific  gravities!  above  1,700  kg/»3  (1.7  g/oaP),  and  the  aedlua 
is  easily  pumped  at  densities  to  above  2,600  kg/ad  (2.6  g/ca’).  The  astal  separations  are  determined 
by  the  teralne  velocity  >f  the  particles  and  the  density  of  the  aedlua.  Total  separation  and 
recovery  of  Mg  rroa  e  aU  >d  eetal  concentrate  la  aoocaplishad  using  a  aedlua  density  of  1,900  kg/a3 
( 1.9  g/ca3);  a  96-pot  separation  with  94-pct  reoovery  of  A1  Is  eohleved  at  a  aedlua  density  of  2,390 
Kg/ed  (2.35  g/oad).  Seventy-five  percent  Cu  and  Zn  base  astal  oonoentrataa  have  been  obtained  of  the 
respective  astals;  however,  because  of  overlapping  alloy  densities,  distinct  separations  have  not  yet 
been  achieved. 

The  barite  aedlua  astal  ssparatton  la  conducted  in  a  trough  with  ths  aedlua  flawing  through  and 
overflying  at  tha  and  of  the  trough  as  shown  In  Figure  19.  Barite  aedlua  la  puaped  through  the 
trough  at  a  fly  rata  that  varlaa  with  tha  density  and  the  separation  daslred.  Natal  belrg  separated 
la  carried  rroa  tha  troutfi  in  tha  overfly,  while  tha  other  astal  or  a* tala  all*  through  tha  asdluau 
Tha  1.83-a  (6-ft)  troufi  ahyn  In  Figure  20  aaparatas  1.26  kg/a  (9  t/h)  shredded  autoaotiv* 
nonferroua  alaad  aatal  oonoentret*  oantalning  Mg,  Al,  Cu,  and  Zn.  Ths  Mg  la  recovered  In  the 
flrst-a tag*  trou#i  and  Al  In  ths  aaoand.  The  Cu  and  Zn  art  presently  hand-sorted. 

Barite  la  reoovsrsd  for  reoyoUng  by  ahafelng  tha  air*  and  float  products  on  a  vibrating  screen  and 
than  rinsing  with  a  water  aprey.  The  barite  reoovered  by  shaking  la  1— art  lately  ragyolabl*.  The 
water-washed  barlta  will  net  raaln  in  suspension  at  a  density  lass  than  1,700  kg/*3  (1.7  g/o*3>  and 
la  reoovered  for  aakaup  fry  tha  bottom  of  the  washing  settler  oirouit.  Periodic  screening  of  the 
overflying  barite  Urou0t  a  100-maah  screen  removes  tha  fines  that  oould  Inhibit  separation.  Barit* 
*****  to  have  an  unlimited  recycling  life,  and  99-pot  reoovery  appears  practical. 


Figure  20  -  Laboratory  aodel  1.26-kg/s  (5-t/h)  barite  separation  trough 
for  separating  nonferrous  as  tala  free  scrap  oars. 
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Another  problem  that  has  an  Lapact  on  recycling  nonferroua  shredded  nterlal  from  scrap  autaaobiles 
Is  the  Al  alloy  alx  recovered  fro*  the  scrap.  Preasnt-day  U.S.  oars  oontaln  about  A5  kg  (100  lb'  of 
Al,  and  projections  show  that  this  nay  Increase  to  about  90  kg  (200  lb)  by  1990.  This  oould 
represent  an  Al  scrap  resource  of  over  907  all lion  kg  (2  billion  lb)  annually.  A  significant  portion 
of  this  increase  in  Al  will  be  in  wrought  grades.  The  typical  alx  in  future  oars  will  be  50:50 
wrought  and  oast  alloys.  The  secondary  foundry  Industry  in  the  United  States  is  unable  to  absorb  all 
of  this  scrap  for  oastlng  alloys,  and  high  levels  of  SI,  Fa,  Cu,  and  Zn  in  the  oast  alloys  oaks  the 
unsepersted  scrap  unsuitable  for  wrought  alloy  production  without  the  addition  of  large  aaounts  of 
prlaary  Al  for  dilution  purposes. 

Bureau  researchers  investigating  the  problea  of  separating  oast  and  wrought  Al  alloys  dleoovered 
that  wrought  alloys  remained  ductile  above  873  K  (600*  C),  whereas  ths  hlgh-Sl  oastlng  alloys 
sxhlbitsd  considerable  loss  of  ductility  above  773  K  (500*  C).  This  property  behavior  of  ths  two 
alloys  was  exploited  by  the  Bureau  In  a  patented  hot-cruah  method  for  separating  wrought  from  oast 
alloys  (2A). 

laboratory  experiments  consisted  of  heating  mixed  scrap  to  833  X  (560*  C)  in  a  Basil  rotary 
elect  •«  furnace  and  then  fragaanting  the  hot  aixture  In  a  crusher  or  saall  haaaar  alll  (Figure  21). 
After  screening,  the  fragmented  oast  alloys  ware  reoovered  as  an  undersize  faction,  while  the 
oversize  wrought  alloys  ware  collected  frem  ths  top  of  the  screen.  Figure  22  shots  a  typloal 
separation  aahieved  by  this  method.  Magnetic  separation  1s  normally  required  after  the  crushing  step 
to  remove  any  loose  ferrous  items.  Feasibility  tests  showed  that  the  method  oan  be  adapted  to  a 
single-step  operation  In  a  heated  rotary  furnace  that  would  heat  and  fragment  In  a  single  operation 
through  repeated  lifting  and  dropping  In  the  fumaoa. 


Figure  21 


Fumeoe,  hmmmr  alll,  and  drum  aagnet  used  to  aeparete  wrought 
and  oast  Al  scrap  alloys. 


figure  22  .  Separated  wrought  and  out  *1  product*  obtained  by  the 
ho  t-o rushing  proosaa. 
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The  National  Association  of  Recycling  Industries  and  the  Institute  of  Scrap  Iron  and  Staal,  as  well 
as  aany  individual  scrap  processors,  have  indicated  that  nany  alloy  groupe  require  mat  or  iagtroved 
identification  and  sorting  techniques.  In  Tact  they  have  identified  this  as  ana  of  the  aoat  serious 
probleae  in  scrap  process lng.  Hore  than  205. 9  ailllon  kg/yr  (227,000  t/yr)  of  SS  scrap  is  not 
recovered  awing  to  lack  of  rapid  and  accurate  Identification  aathods.  An  additional  126.8  ailllon  kg 
( 1*2,000  t)  Is  dotngraded  to  lesser  value  aaterlals.  Wrought  SS  and  heat-rests tart  alloy  scraps 
alone  account  for  a  leas  of  56.2  ailllon  kg  (62,000  t)  of  Cr  annually  In  the  United  States  (12). 
Effective  recycling  Is  of  vital  concern  In  the  United  States  because  of  both  the  strategic  and 
critical  elaaent  content  of  aany  alloy  groups  aa  wall  aa  the  potential  energy  savings  associated  with 
recycling  them. 

for  acrap  aatals  to  be  returned  to  operations  where  they  oan  be  recycled  effectively,  they  aust  be 
sorted  and  segregated  Into  lota  that  contain  alailar  aaterlals.  Identifioatlon  of  these  aatals  or 
alloys  Is  ths  first  and  aoat  critical  phase  In  this  operation.  In  routine  operation  of  a  ocaaeroial 
scrap  yard,  identifioatlon  and  segregation  of  scrap  aatals  are  oarrled  out  by  experienced  sorters. 

The  degree  or  separation  the  scrap  aatals  reoelve  at  ths  scrap  yard  depend*  on  the  ability  of  these 
aortera  to  Identify  alloys  and  on  the  value  of  the  aaterlals.  Identifioatlon  of  scrap  aay  be 
aooaapliahed  by  objeot  recognition  and  by  considering  oolor,  apparent  density,  aagnetlo  properties, 
nature  of  sparks  resulting  when  a  aetal  or  alloy  is  touched  to  a  grinding  wheel,  and  ohaaioal  spot 
testa.  Mien  highly  accurate  analyses  are  needed,  acre  tlae-oonaiaing  aathods,  suoh  aa  ohaaloal  and 
spectragraphlc  analysis,  are  used.  Nat  alloys  not  entering  the  scrap  aarkst  are  asking  recognition 
Increasingly  difficult,  even  for  experienced  sorters.  The  problaa  Is  ocapoundsd  by  ths  decreasing 
nuabar  of  available,  skilled  aorap  aortera.  This  skill  In  reoognitlon  oan  be  aohlarad  only  through 
years  of  day-to-day,  hands-on  ssporlsnoo  in  ths  scrap  yard  or  plant. 

To  alleviate  this  problaa,  the  Bureau  has  bean  conducting  the  foliating  studies: 

1.  Ostenaina  areas  requiring  nat  or  laproved  sorting  technology, 

2.  Evaluate  and  develop  nat  and  iaprovad  idantifloation  and  sorting 
Mthodl, 

3.  Teat  problaa  alloy  groups,  suoh  as  Ni-  sad  Co-baas  alloys,  to 
dstsiwins  ths  aoat  proatatng  rapid  identifioatlon  aathods, 

k.  Track  trends  in  nat  alloy  development  in  order  to  bettor  predict 
their  lspaot  on  aorap  raoyoling. 
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Early  work  involved  Identification  and  analyaaa  of  ooppar-baaa  alloys  by  riuoraaoant  X-ray 
spactrography  (25).  Haoantly  a  ooaprahenslva  survey  of  Uw  sethods  uaad  for  Identifying  aorap  aatala 
has  baan  aada  (26).  Currant  aathoda  that  have  baan  revlatad  and  aval ua tad  lneluda  object 
raocgnltlon;  danalty  da termination;  sagnet,  apart,  and  chasloal  apot  taatlnc ;  thamoalactrlo  and  addy 
currant  aaaauraaanta;  and  various  analytloal  techniques. 

Figure  23  shove  an  apparatus  being  uaad  by  Buraau  aolantist  to  obtain  raproduolbla  spark  pattarns 
to  aaasura  tha  spatial  radianoa  of  sparks.  It  oonaUts  of  a  grinds r  and  a  aanaor  that  U  oonected 
by  fibar  optic  cab la  to  a  speotrcphotoaeter  that  oaa auras  tha  lntanalty  of  tha  light  rays 
charactarlstlo  of  tha  alloy  uaad  to  gansrata  tha  apart. 


Figure  23  -  laboratory  apparatus  oona lstlng  of  a  grlndar,  optical  motor,  and 
apvctrcphotoneter  uaad  to  obtain  raproduolbla  apart  patterns. 


Spsctra  of  apart  pattarna  hava  baan  raaordad  for  ssvsral  alloys  including  mid  stasis;  high-strength, 
lav-alloy  stasis;  200,  300,  and  *00  sarlas  S3;  Inoonala;  Inooloys;  Haynes  20  HOC;  and  Hastalloy  B-2. 
Babvssn  500  and  700  na,  tha  spaotra  shew  dlffaranoas  axoapt  In  tha  oaas  of  300  sarlas  S3  and  thalr 
lav  carbon  analogs;  s.g. ,  30*  and  J0*L  33  and  316  and  3161  33. 

In  gsnaral,  as  tha  Hi  oontant  of  an  alloy  lnoraasas,  tha  lntanalty  savlsm  Is  shlftad  to  a  hlghar 
wavelength.  It  la  aapaotad  that  tha  obaarvad  dlffaranoas  will  oaks  it  posalbla  to  saparaU  allays 
not  anensbl a  to  aaparatlon  using  oonvsntlonal  apart  tooting. 

In  addition,  a  flaishsat  for  aaporating  Hl-baaa  alloys  and  S3  has  baan  designed  (Figure  2*).  This 
flowsheet,  whloh  uses  themoeleotrlo  raaponaa  and  optical  am  salon  apaotroaoopy  techniques,  raquirss 
loss  than  half  tha  oparatlons  present  in  a  conventional  aaparatlon  aohsaa  based  on  chaaloal  spot 
taata.  This  aathodology  begins  with  tharsoslsotrlo  an  air  Mints  to  sms  the  first  ssparatloo  into 
alloy  groups,  foliated  by  use  of  a  portable  mission  apsotrosoapa  to  narrov  the  ldantlfloatlon  to 
aors  apaolflo  groups  or  Individual  alloys.  Tha  oost  for  both  of  them  lmtrumnts  is  quite  lav, 
aaklng  thas  aval labia  to  the  anall  aorap  prooassor.  Plana  oall  for  tasting  this  flowsheet  in  an 
ops re ting  aorap  yard. 
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Figure  2*  -  Proposed  lnatru»ntal  technique  for  sorting  high-value  scrap. 


It  should  be  noted  that  the  research  described  in  this  paper  represents  only  a  crass  section  of  the 
type  of  work  the  Bureau  of  Hines  is  conducting  on  the  recovery  and  recycling  not  only  or  strategic 
and  critical  aateriala,  but  also  eocnanioally  important  ccaaodltlee  such  as  lead,  alumina,  zinc, 
capper,  and  precious  aetals.  The  current  Bureau  of  Hines  research  prog rm  in  recycling  cons lets  of 
tl  inrouse  projects  dealing  with  a  broad  spectrua  of  problems  on  natal-  and  ainaral-bassd  waste 
products,  as  well  as  work  on  ainaral  tailings,  allass  and  process  waterwater. 
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RESUME 

L*  recycle**  d*i  suparall lags*  proedd*  d'us*  ndceaelt*  dconoalqu*  *t  atratdglqua.  Deux  volaa  prirlldgldes  d* 
recycle**  cost  *x*ain#e*  taut  au  point  d*  vu*  theraodynaaiqu*  qua  tachoologlqua  : 

-  Eualon  oaydast*  intarnddlalr*  pour  (iiainar  la  Tirana  at  l'Aluaislua  afin  d*  ddbutar  l'dlaboratloo  *ou«  rid* 
arre  un  bain  oxydd  i 

-  Euaiem  inarta  aoua  rid*  da  rlblona  racondi t iotasda. 

L*  text*  paaa*  auccaaalvaaent  an  r*vu*  1'actlon  du  vid*  aur  la  rdactloa  Carbon* /Oxytdna,  la  ddeulfurat ion  *t  la 
ddaitruratlon  dventuell*  aisai  qu*  la  diatlllatios  d*a  adtaux  l our da . 

L'affet  ultdrieur  d*  la  refuslon  aoua  vid*  (VAX)  at  aoua  laltlar  (KM)  aur  la  qualltd  du  prodult  final  aat  pria 
an  coapt*. 

VACUUM  UCYCUNC  EEEECT  OH  HIMOX  ELEHEXT5  IX  SUPKtALLOYg 

Superalloy  racyclln*  la  an  aconoalcal  and  atrat**lcal  n*c*a*ity.  Tuo  different  aaya  of  scrap  recovery  ar*  ***- 
ain*d  frou  a  theraodynaaical  aad  t*chaolo*ical  point  of  vie*  : 

*  Air  salting  vitb  oxy**a  bloving  to  r above  Titasiiea  aad  Alualaiia*  before  Vacuua  traatnant  j 

•  Moo  reactive  Baltin*  of  coodltlonoed  acrapa  in  »TM. 

Thie  paper  *xaala*a  in  detail  the  vacuua  affact  on  Carbon/Ox y|aa  raoctioa,  daaal furl aat ion  aad  Mitregaa  raaoval 
aa  **11  ae  heavy  a*t*l  distillation. 

Further  reactions  during  ran* It la*  la  VA*  or  KM  are  taking  account  to  aaaura  the  quality  of  tha  final  product. 


INTRODUCTION 

La  bonne  dcoooal*  d*  la  production  das  suparatlla***  yes  so  pgr  la  racyr  lags  da*  ebutae  *6n*.-do*  tout  au  loa*  du 
proceeaua  do  fabrication.  Cat  aspect  du  adtiar  aat  inport  aat  du  fait  du  codl  at  da  la  rei.-td  croiaeanta  da*  ae* 
tidres  praaltrea,  aa l a  auasl  pare*  qua  lea  quantttds  de  chute*  prodult**  aant  particulilraavat  dlevdaa. 

talon  una  aoqudte  (rat.  I)  rtaliad*  aux  CTATf-UMIl  an  IVH  naia  dent  la*  dldaaata  tachniquaa  rastaat  d'actua- 
litd,  aur  140  000  tonoea  da  auparallia***  issue*  da*  four*  d'dlaboratioa,  eaulaaaat  40  000  toaaa*  oat  ltd  ala* a 
an  oeuvre  dans  de*  anaaablaa  (cf.  fi*ur*  I).  b  d'autrea  tarasa,  aur  100  toaaaa  could**,  2*  toaaaa  eaulaaaat 
aoat  effect iveaent  utilladaa  at  *1  laa-adaaa  Boat  recyclfa*  an  graade  parti*  aprls  un  ta^s  da  aarvica  caapria 
antra  S  at  10  ana. 

felon  lea  adaea  auteurs,  on  aatias  qu*  la*  lit*  de  fusion  soot  coaetituds  **  any anna  par  41  f  da  aat liras  neu- 
vaa  at  St  X  da  aatldra*  racyclda*.  C*  dernier  cbiffr*  raprdaanta  un*  noynana  fluctuaat  an  foactloa  daa  coadl- 
t ions  dcoaoaiquas  at  da*  diaponibllitda  avec  daa  variatioaa  da  cycle.  On  observe  auasl  un*  greeds  disparted  aui - 
rent  la*  auancaa,  laur  utilisation  *t  la*  nods*  da  ala*  ea  oeuvre  ■  la  taax  da  aatldra*  rncyc Idea  pouvaat  lire 
trla  falbla  pour  la*  alllagaa  pour  htbas  da  turbine  typo  IM  100  at  pouvaat  attelndr*  00  X  pour  do*  pldce*  for- 
gdaa  aprda  doubts  fusion  sou*  vid*  (VIM  *  VAX). 


1-  CHOIX  DES  CONDITIONS  D'ELABORATION  EN  F0NCT10N  DU  TYPE  DE  HATER1AUX  A  RECYCLER 

Ua  aatdriaux  1  recyclsr  doiveat  Xtr*  conaiddrdt  a  priori  coaa*  dee  aatidraa  praailraa  comm  In*  autraa.  11a 
a*  diet ln*u aat  c spend  ant  das  aatldrea  aauvns  car  its  seat  X  In  fois  plus  purs  an  vnluaa  at  plus  polluds  an  aur- 
faca  i 

-  11*  oat  ddjd  subl  use  doubts  d laborer ioa  sous  vid*  (VI*  *  VAX)  qui  ea  fait  da*  aatldra*  praaidras  da  trd* 
bona*  qualltd  i 

•  II*  aa  prd**at*at  aeua  de*  fata**  varides  evec  an  daqrd  de  coat aai aat iaa  aa  aur face  qui  • ’a**r*v*  loraqae 
1'oa  pa***  da*  chute*  aaasivo*  aux  chut**  ldpdra*  at  safia  aux  taaraum*  at  antra*  praduit*  dirt *4*. 

L'utlli**ti*a  qui  «a  **t  fait*  *t  aa  particuliar  1*  aad*  da  al*a  ea  aauvra  ddpead  da  1*  prdaaatatiaa  d*  ca* 
aacdrUax  (charge  a***iva  aa  divlade),  du  daprd  da  pal  1st  iaa  at  da  la  aster*  da  calta-cl,  da*  paaaibllltda 
tachaalagiquae  de  purificatiea  1  1'dtat  *alide  *t  aa**i  de  1*  daatlnatla*  da  I'alliap*- 

b  paiat  da  van  prd**atstlaa  phystqa*,  11  ant  e«na*d*  do  distiaaasr  t 

-  la*  chute*  aaasiva*,  blsa  idoatlf teblaa,  pin*  aa  aaia*  saydlis  aa  aurfaca  qai  paavant 


dtrs  nattsyda*  par 


I6-: 


•aula**  ou  trenail lag*  avant  la  racyclaga.  Iltaa  raprdaantant  (rat.  I,  tablaau  I)  68  X  du  total  daa  chutaa 
r<utlliaablaa  ; 

-  La*  chutaa  ldgtra*  at  tournuraa  (26  X  du  total  daa  chutaa)  qul  a out  dana  un  (tat  plua  dlvtad  at  dost  la  nat- 
to yaga  raliva  da  tachalquea  adapt (aa  t  broyage  pula  trai tenant*  par  vol*  hunlda,  dicapaga  at  d((ralaaa|a, 
viaant  I  dllainar  aa  particullar  laa  huilaa  da  coupa  at  d'ua*  faqon  gdndrala  laa  apporta  da  Carbona.  tllaa 
conatituaot  un  adtiar  an  aol  qul  n'aat  paa  l'objet  da  cat  axpoaf .  Saula  una  adlactlon  at  un  condltloanamnt 
rigouraua  panaattant  la  racyclaga  dana  laa  auper-rdfractairaa  ; 

-  La  aolda  (1  X)  aat  dfclaaad  at  utlllad  dana  daa  nuancaa  plua  courantaa  tallaa  qua  laa  aclara  inoxydablaa. 

L'afficacltd  daa  traitaaanta  ddpand  dvldamant  da  l'dtat  phyalqua  at  la  noda  da  alaa  an  oeuvre  aat  adaptd  an 
fotictlon  da  la  natura  daa  chutaa  racondltlonndaa  : 

-  Racyclaga  dlract  au  four  1  induction  aoua  vlda  (VIM)  daa  chutaa  naaalva*  qui  ont  un  pddigraa  at  qul  ont  aubi 
un  nattoyaga  approprid  i 

-  Afflnage  prdllalnalra  au  four  8  arc  avac  traltaaant  coapldaantaira  (600  ou  VOD)  pour  puriflar  laa  chutaa  laa 
plua  polludaa.  On  obtiant  ainai  una  aatrlca,  contanant  laa  dldaanta  laa  plua  intdreaaeata  du  point  da  vu* 
dconoalqua  Nickel,  Cobalt  Chroaa,  Molybdina  at,  aauf  caa  particullar,  a  ana  Titana,  nl  Aluninlun. 

Catta  aatrlca  antra  cooma  dldawnt  da  charga  au  four  8  Induction  aoua  vide. 

RECT CLACK  DIRECT  AU  POUR  A  INDUCT10M  SOUS  VIDE 

La  racyclaga  dlract  daa  chutaa  au  four  1  induction  aoua  vlda  aat  la  aolution  la  plua  dvidanta  du  point  da  vua 
dconoalqua  puiaqu'll  paraat  d’utlllaar  la  totalitd  daa  aatltrae  praaitraa  par  la  voia  la  plua  courta  at  por¬ 
tent  avac  laa  aaillaura  randaaanta  aatitra  at  la  plua  falbla  conaooaat ion  d'dnargia. 

Toutafola,  laa  natfrlaux  1  racyclar  contiannant  daa  dldaanta  rdactifa  tala  qua  la  Titana  at  l’Aliaainiua  qul 
laa  randant  agraaaifa  via-(-via  daa  rdfractairaa  at  da  1 'anviroaaaaant ■  Da  ea  fait,  laa  riaquaa  da  ddgradatlon 
du  bain  par  daa  rdactiona  paraaitaa  aont  inportanta  at  la  atratdgla  d'dlaboratlon  viaa  t  conaarvar  la  qualltd 
daa  aatidraa  anfourndaa  an  ninlaiiaant  caa  rdactiona.  L'eRanau  ultdriaur  daa  clndtlqnaa  da  ddaonydation  at  da 
ddnitrurat ion  juatiflara  l'orlantatlon  vara  una  fuaion  auaal  inarta  qua  poaalbla.  On  aalt,  an  affat,  qua  la 
four  1  Induction  aoua  vlda  aat  un  rdactour  chlnlquo  pau  par  format ,  aux  poaaibilitda  da  purification  llnitdaa 
part icul itrauant  aur  baina  auaai  coaplexa*  qua  caua  daa  aupnralliagaa. 

Soua  caa  rdaarvaa  at  avac  laa  prdcautiona  auppldnantairaa  qu'il  raqulart,  la  racyclaga  dlract  na  doit  paa  Itra 
conalddrd  coma  una  voia  da  rattrapaga.  II  aufflt  pour  a'an  perauadar  da  rappalar  qua  c’aat  la  technique  uti- 
llada  dana  lea  Pondarlaa  da  prdcialon,  an  particullar  callaa  da  noulaga  an  cira  pardua  daa  aubaa  da  turbinaa. 

La  haul  oivaau  da  qualltd  raqula  aat  aatlafait  noyannant  daa  prdcautiona  qul,  ai  on  laa  tranapoee  dana  la 
technologic  d'dlaboratlon  d'alllagaa,  conatltuent  daa  contraintaa.  tllaa  aont  rapriaaa  ici  car  allao  llluatrant 
bian  at  da  faqon  ainpla  la  ddnarch*  conduiaant  aux  tachnlquaa  da  racyclaga  daa  chutaa  naaalvaa  : 

-  La  Charge  aat  cotutituda  par  una  aaula  pitca  cyllndriqua,  nattayda  par  naulaga  ou  tournaga  pour  tlininar  la 
aurfaca  polluda  i 

-  Un  crauaat  nauf  dtuvd  1  haute  tanpdratur*  aat  utiliad  i  cheque  fuaion  pour  dvitor  route  cootaainatioa  par  laa 
raataa  da  la  coulda  prdeddanta.; 

-  La  fuaion  aat  raplda  at  la  coulda  aa  fait  dia  nlaa  1  tanpdratura  du  bain  i 

-  La  naaaa  I  foodra  aat  faibla  (au  plua  quel qua a  diaainae  da  kiloe)  at  la  aurfaca  da  contact  avac  l'etnoephdre 
aat  rdduitt. 

Laa  conditiona  da  racyclaga  dana  un  four  VIM  da  pluaioura  tonoea  avac  daa  chutaa  da  dlffdrantaa  tallica  at  un 
crauaat,  oO  aubaiatant  toujoura  daa  raataa  da  la  coulda  prdeddanta,  aont  diffdrantaa  nala  ca  aont  lea  ndnaa 
priori paa  qui  guidant  la  ddfinition  du  procaaaua. 

PREAPFINdCg  AI)  FOUR  A  ARC 

ti  du  fait  daa  pollutloaa  ou  da  l'aapect  phyalque  daa  chutaa,  laa  tachnlquaa  da  nactoyaga  dvoqudaa  plua  haut 
aont  inauffiaontaa,  11  aat  prdfdrable  d'avolr  racoura  1  una  opdratlon  da  purification  prdalabla  au  four  I  arc 
auivla  dvontuellaaant  par  un  traltaaant  an  pocha  ou  au  convert laaaur.  Ainai,  au  prix  d'un  coflt  doergdtique  non 
ndgligaabta  at  da  la  parta  dee  dldaanta  oxydablaa  coma  la  Titana  at  l'Aluainlua,  on  rdcuptr*  at  purlfla  una 
part  Inportanta  da  chutaa  nan  dlrectaannt  utlllaablaa  an  jouant  8  la  fola  aur  laa  poaaibilitda  d'affinaga  puau- 
aatlqua  at  aur  laa  dchaapa*  adtal-laltlar . 

-  La  fuaion  au  four  8  arc  paraat  ; 

.  da  racoaatltuar  8  partlr  da  nuancaa  coopatlbloa  daa  coapoeitiona  hoaogdnaa  da  aatrica  ; 

.  d 'dllainar  par  oxydatioa  at  debanga  adtal-laltlar  laa  dldaanta  i  Chlora,  Sodlua,  Plonb  at  Soufra,  prove - 
neat  daa  produita  da  conduit loo  (raf.  2)  ou  daa  rovltaaanta  daa  aubaa  da  turbine. 

-  La  traltaaant  bora  du  four  (ROD,  VOD),  aoua  praaalon  partlelle  d'Oxygbna  aaaure  la  ddcarburation  an  aauvagar- 
daat  la  Chroaa .  On  traite  ainai  daa  chutaa  carburdaa  par  daa  huilaa  da  coupa  ou  daa  produita  da  eoabuation. 

.  I'lnjoction  d’Argoa  at  la  broaaaga  dO  au*  bullaa  da  CO  favoriaant  la  ddgaiaga  da  1 'Rydrogtoa,  da  l'Aaote 
at  daa  dldaanta  volatlla 

.  la  ddaulfuratloa  par  la  laltler  aa  pratique  dana  laa  condition*  habitual laa  aprda  rddoction  du  bain  adtal- 
liqua. 

La*  clndtlquaa  da  rdactiea  aont  rapid**  at  conduiaant  8  daa  dtaa  prochaa  da  l'dqulllbra  (  c*  qui  n'aat  paa 
toujoura  aauhaltabla.  (a  particullar,  11  aat  difficile  da  protdaar  la  ndtal  liquid*  8  fort*  tanaur  aa  Chroaa 
coaatr*  la  rdorydatlan  at  la  ranitruratlon,  lor aqua  la  bain  liquid*  aat  azpead  8  l'atnorpbtru,  apdclalanant 
pendant  la  could*. 

La  prdtraiteanut  au  four  8  arc  offr*  auaal  la  poaalbilltd  da  ehoiair  la  nivnau  d'Onygdaa  an  fin  d'dlabora- 
tla*  t  1*  bain  aat  aolt  aani-calad,  aoit  bian  ddaonydd  avac  nan  tanaur  dlavd*  on  Aluninlun. 

Ainai,  la  rdutiliaatlan  daa  aatitra*  8  racyclar  au  four  8  induction  aoua  vide  a*  fait  avac  daux  typo*  do  char- 
pa  trda  dlffdraata,  I'm  aonc  on*  charga  ami-calnd*  qui  a*  rnpproehn  daa  aatitra*  nauvaa,  1' autre  cant  enact 
du  Titana  at  da  1  'Alminim  evae  una  cam**  it  ion  proeba  do  la  caapoeitlon  final*.  La  conduit*  da  l'dlaboratloo 


•  t  1*  contrtlf  da*  flfavnta  rfaldual*  qui  an  ddroulant  »ont  done  different*  diu  1m  d»ux  procaaau*  qui, 
chacun,  vi*«nt  I  ainlaiaar  laa  tanaura  finalaa  an  Oxygdna,  Atota,  Sou fra  at  oligodldaant*.  La  choix  parai 
laa  opt  Iona  poaalblaa  rfaulta  d'un  axeman  daa  coaportaaant*,  qul  aat  fait  dana  la  aulta  dldaant  par  dldaant, 
•ala  qul  dana  la  pratlqua  aat  orlantf  par  un  «ouci  da  coaproai*  Indlapanaabla. 


2-  EVOLUTION  DE  L'OXYGENE 

Lora  d'una  (liberation  au  four  1  induction  aoua  vida,  t'affinaga  Car bona ,  Oxygdna  conatltua  una  part  aaaantlal- 
!•  da  l'opdration.  Sou a  vida,  la  Car bona  aat  un  pulaaant  ddsoxydant  qul  prdaant*  I'avantag*  da  dortnar  un  pro- 
dult  da  reaction  gaxaux  qul  I'iHalaa  f*cil*m*nt  at  qul  antratna  avac  lul  d'autra*  Inpuratd*  tallaa  qua  1'Hydro- 
g(na  at  l'Aaota.  On  utlllaa  catta  poaalbllltd  avac  daa  chargaa  an  aatldra  nauva  concanant  da  l'Oxygdna  at  daa 
rafualona  «ani-calmd**  car  un  baa  vlda  aat  favorabla  au  dfgagamant  d'oxyda  da  Carbona .  La  Tltana  at  1'llual- 
nl<aa  aont  ajoutda  aprta  1'afflnaga  dana  un  bain  qul  contiant  pau  d'Oxygdna,  ca  qul  alnlaiaa  la  quantltd  d'ln- 
clualona  oxyddaa  qui  doivant  ddcantar  (flgura  2,  raf.  J). 

Laa  chargaa  prddlabordaa  qui  contiannant  du  Tirana  at  da  l'Altainiua  aont  baaucoup  plua  rdactlvaa  vla-i-vla 
da  I’Oiygtnv  at  da  I'Axota,  at  dfjd,  au  coura  du  chauffaga.  la  aurfaca  portia  au  rouga  aglt  caam*  un  pifg* 

P°ur  fixar  laa  tracaa  da  gax  qui  aubaiatant  alat  A  faibla  praaaion  du  fait  da  la  ddaorption  daa  pauaaidraa 
ou  daa  fultaa  rdalduallaa.  A  l'ftat  liqutda,  non  Mulaaant  I'Alualniua  at  la  Tltana  na  paraattant  paa  la  ddao- 
xydacioo  par  la  Carbona  aoua  vida,  aaia  loraqua  laur  concantrat ion  aat  dlavda  (aupdrlaura  1  I  X)  lla  na  jouant 
plua  laur  rSla  habitual  da  ddaoxydant. 

Par  axampla,  dana  la  caa  d'un  alliaga  Pa-Al  (cf.  flgura  1),  on  aontr*  qua  la  concantration  da  l'Oxygdna  aolu- 
bla  paaaa  par  un  ainiaua  da  A  ppa  pour  una  tanaur  an  Aluainiua  da  0.075.  Au-dall  da  catta  concantration,  la 
aolubilitl  da  l'Oxygdna  augaanta  trta  vita  at  11  an  aat  da  aln*  avac  la  Tltana.  L'accroiaamaant  da  la  aolubl- 
litd  da  l'Oxygdna  dana  la  adtal  llqulda  favorisa  laa  rfactiona  avac  la  rdfractalra  at  l'atnoaphira  rdaidualla. 
L'Oxygdna  an  aolution  na  pouvant  paa  ftra  fliain#  aoua  forma  da  CO,  prdcipita  aoua  f onaa  d'oxyda  aux  baaaaa 
taapdraturaa,  c'aat-d-dlra  pandant  la  aolldif icatlon  (raf.  4  at  5). 

Kn  prdaanca  da  Tltana  at  d'Alualnlua,  l'approcha  aat  done  invaraa  do  calla  adoptfa  pour  laa  natidra*  nauvaa  ; 
on  charcha  1  (vitar  laa  rdactlona  vara  l'dquilibra  ou  d  an  contr&lar  la  cindtlqua.  En  pratlqua  cala  algnllta  s 
contrBlar  la  propratf  at  l'dtanchiitd  du  four  aaia  auaai  la  qualltd  daa  rdfractairaa  at  llaltar  la  durd*  da 
1 'elaboration. 

-  Laa  rdfractairaa,  piad,  brlqua  at  claant,  na  doivant  paa  contanir  daa  oxydaa  auacaptiblaa  d'ltra  rdduita 
par  Aluainiua  at  Tltana,  an  partlculiar  l'oryda  da  Par  at  la  ailica.  Capandant,  alma  laa  piada  laa  plua 
inartaa  du  typo  apinalla  aluaina-aagndaia  rdaglaaant  partiallaaant  avac  la  Titan,  at  la  raaontda  d'Oxygdna 
qul  an  rdaulta  na  pout  dtra  llaltda  qu'an  rdduiaant  la  durda  d' elaboration. 

-  Si  dana  la  caa  daa  aatldraa  nauvaa  un  trla  baa  vida  aat  ndcaaaaira  pour  favorlaar  la  ddaoxydation  par  la 
Carbona.  pour  ddgaxar  l'Hydrogdna  at  I'Axota  at  pour  dllainar  laa  ad t aux  lourda  volatila  comm  la  Ploab  at 
la  giaauth,  11  n'an  aat  paa  da  adaa  avac  una  charga  racyclda.  La  prdaanca  da  Tltana  at  da  I'Alualniua  am- 
pdcha  la  formation  d'oxyda  da  Carbona  at,  quant  aux  gax  at  adtaux  lourda,  tlx  out  ddjd  fed  dllainda  lora 
da  l'dlaboration  prlaaira  VIH  ♦  VAX.  It  aat  prdfdrabla  da  racharchar  un  vida  aoyan  d'anviron  50. I0*2  Torr 
qui  aat  obtanu  rapidaaant  par  laa  poapaa  ndcaniquoa  at  laa  doota  afin  da  rdaliaar  una  fualon  inarta  rapida. 

DCSOXTDATI0N  DC  L' ALL  I  ACE  IN  718 

La  flgura  4  conpara  l'dvolutlon  da  l'actlvitd  at  da  la  tanaur  totala  an  Oxygdna  au  coura  da  l'dlaboration  da 
1'alllaga  IN  718  d  partir  do  aatldraa  nauvaa  aoua  vida  profond  da  I0~2  Torr  at  da  aatldraa  racyclfaa  aoua 
vida  aoyan  da  50. 10" 2  Torr. 

Pour  laa  chargaa  an  aatidra  racyclda,  on  notara  an  fin  da  fualon  qua  l'actlvitd  da  l'Oxygdna  aaaurda  d  l'alda 
d'una  jauga  dlactrolytlqua  at  la  tanaur  totala  aaaurda  par  chiaia  aont  toutaa  laa  daux  blan  groupdaa  (da  l'or- 
dra  da  5  ppa  pour  l'actlvitd  at  da  40  ppa  pour  la  concantration).  Ou  fait  du  raccourciaaaaaat  du  taapa  d’dla- 
boration,  la  raprlaa  d'Oxygdna  raata  faibla,  juaqu'd  la  nlaa  daa  addltlona  corractrlcaa.  La  nivaau  final  n'aat 
aba la ad  qua  lora  daa  ajouta  d'alcalinotarraux,  Calclua  at  Nagodalua.  Dana  la  caa  da  charga  du  typo  aatldraa 
nauvaa,  l'Oxygdna  an  fin  da  fualon  aat  plua  diaparad  du  fait  d'dtata  initlaux  non  "normal iada",  aal  ddfinla 
au  aana  phyalco-chlaiqua  at  daa  dlfflcultda  d  co>>tr81*r  la  reaction  C-0  pandant  la  fualon.  Pandant  1'afflnaga 
aoua  vida  profond  du  bain  qui  a'aat  prograaaivaaant  hoaogdndiad  pour  aa  rapproebar  da  l'dquilibra,  la  Carbona 
rddult  l'Oxygdna,  at  laa  rdaultata  daa  aaauraa  aont  blan  groupda. 

L'addltloo  d'Aluniniua  na  fait  abalaaar  ni  l'actlvitd,  nl  la  tanaur  an  Oxygdna  at  ca  aont  ancora  la  Calcium 
at  la  Magndaltai  qul  paraattant  d'attaindra  daa  concantration*  da  10  d  20  ppa  d'Oxygdna  rdaldual. 

la  rdauad  at  d  na  eonaiddrar  qua  laa  dl faint*  Carbona  at  Oxygdna,  pour  laa  produita  qui  aont  daatlnda  d  1 'ela¬ 
boration  da  lingota  dlactrodaa,  ’ll  n'y  a  poaalbllltd*  rdallaa  d'dllainatlon  do  caa  dldaant*  qu'an  1'abaanca 
da  Tltana  at  d'Alaulnlua.  Dana  ea  cm,  un  afflnaga  aoua  vida  profond  da  aatrica*  raconditioandaa  par  fualon 
prdalabla  pornat  coaaa  pour  laa  aatldraa  nauvaa  una  purification  trda  coapldta. 

Dana  la  cm  contralra,  11  aat  prdfdrabla  da  racharchar  una  operation  ralatlvaaant  rapida  qul  ainiaiaa  laa  rdac- 
tiona  paraaltaa  an  partlculiar  avac  la  ernuMt  at  qui  da  ca  fait  attand  du  vida  aaaantlallaaant  un  affat  da 
protactloa  daa  dldaanta  rdactlfa  at  pour  laqualla  on  aa  contanta  du  nivaau  da  po^aga  aoyan.  Catta  pratlqua 
aat  d'autaat  plua  affieaca  qua  la  four  a  un  taux  da  fulta  faibla. 

La  poaalbllltd  da  reaction  dtaat  trda  llaltda,  catta  tacholqua  aat  rdaarvda  aux  aatldraa  rocycldoa  bloa  Idan- 
t If  Ida*  at  od  laa  aourcaa  da  Carboaa  at  d'Oxygdna  non  cootrSlda*  out  dtd  dllainfaa. 


5-  EVOLUTION  DE  L'AZOTE 

Laa  balM  adtalliqnoa  coaatituda  d  partir  da  aatldraa  racyclda*  aont  an  gdndrat  hora  d'dqul libra  an  ca  qui 
concarna  la  tanaur  an  Aaota  at  la  pratlqua  induatrlall*  vIm  d'abord  1  aalntanlr  un  nivaau  auaai  bM  qua  poa- 
albla  ear  laa  phaaaa  da  ddnitrnratlon  an  four  d  Induction  aont  iaatM  at  da  conduit*  ddlicata. 

Ca  affat,  la  Cbraaa  at  I'Atvntaium  canfdrant  aa  bala  una  graada  afflnltd  panr  l'Aaota  (ef.  flgura  J)  qui  rand 
dlfflcllo  la  ddai trurat ion  par  la  vtda  alora  qua  la  precipitation  at  l'dllaloation  da*  nitrurM  toll daa  TIC  aa 
condaiaant  pa*  d  da*  aivaaux  auaai  baa  qua  aouhaltde  (raf.  8). 


in  du  bn in  liquid*  peuvent  Itr*  illnindt  par  ddcantatioo  *t  pi*- 
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Ut  nitrurct  da  Tit«n«  qui  pr4<ripit«at  au 
aur  l*a  paroia  du  crwtat . 

A  titra  d ’•*••*>  1#  pour  una  aatrica  type  : 
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L*  produit  d«  aolubilitl  •  ’•■prUw  sou*  la  for**  : 
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Av»c  das  coefficient*  d'ectivitd  :  fT1  •  l.S  et  fN  •  2.8  I0~3.  la  teoaur  en  Aaote,  *  1*20  *C,  en  Iquilibre 
avec  ltd*  Titan*  eat  d*  60  ppa,  c*  qui  tlgnlfl*  qua  l'on  n*  peut  pas  eeptrer  obtenir  dea  valeure  infdrieure* 
par  prdcipitation  et  ddcantation  dee  oitrurea.  On  conatat*  (cf.  figure  6  et  tableau  2)  qua  si  la  teoaur  en 
Aaote  das  chutes  est  faibl*  (<  60  ppa)  et  que  tl  la  fusion  est  conduit*  dene  d*  bonnes  conditions  d'dtsnchdltd, 
il  n'y  s  devolution  du  niveau  d'Asote  au  court  de  l  elaboration  ni  par  action  du  vide*  ni  par  prdcipitation. 


tmrr  du  vioc 


Avec  un*  charge  tans  Titan*,  la  ddnitrurttioo  pout  t'aceonplir  par  teffet  du  vide.  La  clndtlqu*  d*  rdaction 
eat  du  prenier  ordr*  et  iet*p*  llnltant*  est  constitud*  par  l*  trtnsfart  en  phase  liquid*.  Las  vita****  d* 
ddnitruret ion  ont  dtd  nesurdes  dent  trois  fours  I  induction  sous  vide  d*  tallies  dlffdrentes  :  6  tonnes,  1.5 
tonne  et  50  kg  (cf.  figure  7  et  tableau  3). 

Dans  un  four  da  laboratoire  d*  50  kg,  on  peut  dliaiaar  sous  vide  environ  200  ppat  d'Asote  par  haur*  (cf.  ta¬ 
bleau  1)  nais  au  fur  et  1  nesur*  qua  1*  rapport  Surface  d'dchang*  /  Volta*  dea  diffdrante  four*  diaiauo,  la 
vita***  d*  ddni trurat ion  diainue  *11*  ausel.  til*  n'eat  plus  qu*  d*  20  ppn.h"  dans  un  four  da  1.5  tona  et 
d*  10  ppa.h*  dans  un  four  d*  6  tonnes. 

tn  pratique,  on  vdrifia,  tableau  2,  qu*  1*  tralteaent  sou*  vids  entrt  la  fin  d*  fusion  et  la  fin  d'afflnaga 
peraat  seuleaent  d*  paseer  d*  120  1  110  ppa  an  aoyerma ,  et  qu*  e'eet  l'additioe  d*  Titan*  et  la  prdcipitation 
d*  Tig  qui  abaiat*  la  concentration  en  Aaote  1  aoln*  da  60  ppa,  valaur  prddlt*  par  1*  calcul  du  produit  da 
solubllitd.  D'oO  l'intdrdt  d'dllainer  autont  qu*  fair*  s*  peut  l'Aaot*  event  dlaboratioo  au  four  eoua  vide. 

tmitvcnt  au  rou*  a  aic 

Au  four  *  arc.  Involution  da  la  teneur  en  Aaote  d*  ces  charges  chroades  rdeulte  d*  rdactioas  a  rant  dee  effete 
inverses.  Pendant  la  fusion  *  l'alr,  la  charge  **  nltrure  (cf .  figure  8),  puls  le  soufflage  d'Oxygdna  et  la 
f Ora* t i on  d'oxyd*  de  Carbon*  favorieent  la  ddnitruration,  1*  bain  gardant  par  allleurt  son  avlditd  pourcet  did 
neat.  Dans  cat  conditions,  de  ldgars  dcarts  d*  pratique  conduisent  indvitablsaent  8  dae  teneur*  ditpertda*. 
Den*  l'exeaple  d*  It  figure  8,  pour  des  tillages  type  0  500,  ia  teneur  en  Aaote  d*  fin  d'affinags  est  ccaprite 
entr*  10  et  *0  ppa,  aal*  die  qua  1*  laltler  qui  Joua  un  r61*  protecteur  est  dliaind,  le  bain  qui  cootlaut 
18  1  d*  Chrosa  entr*  en  contact  avec  1'ataoepMr*  et  il  y  *  un*  renitruretlon  qua  l'on  peut  plus  ou  no l os 
I  ini  ter. 

L'obtention  d*  basset  teneurs  en  Aaote  pas**  par  un  effinag*  pouasd  du  bain  par  l'oxyda  d*  Carbon*  ou  par 
un  bullag*  par  gas  neutr*  avec  un*  could*  8  1'abri  d*  I'air.  Si  la  could*  a  lieu  8  l'air,  Ufa  un*  ran it cu¬ 
rat  ion  suppldaentair*  qui  eapllqu*  1*  niveau  dlevd  (120  ppa)  choisl  pour  l'exeaple  de  la  figure  |  et  la  dis¬ 
persion  d*  1*  teneur  en  Aaote  d*  ces  charges  refouduss  au  four  VIM. 


4-  EVOLUTION  DU  SOUFRE 

L'abeenc*  de  laitier  au  four  8  induction  sous  vide  n*  peraet  pa*  d*  ddsulfurer  par  la  adthode  traditionstelle 
d'dchang*  d'Oxygdn*  et  d*  Soufr*  entr*  adtal  et  laitier,  la  seult  vole  envlsagaable  est  la  prdcipitation  de 
*<>yur^J.n*o^iibl**  de  Calc  its*  ou  d*  Hagndtliaa  rdsultant  d'un  tralteaent  par  Calciua,  Magndsiua,  Terre*  lares. 

In  indesant  la  ais*  da  ddsulfurant  sur  la  teneur  en  Soufr*,  on  peut  dliainer  jusqu'8  200  ppa  d*  Soufr*  at  ob¬ 
tenir  un  rdelduel  de  l'ordr*  da  10  ppa.  L'*xc8s  da  Calciua  et  d*  Magndsiua  s'dllain*  rapideaent  sou*  vide 
aal*  let  sulfur**  ddposdt  sur  let  parols  du  creutet  sont  tr8t  oxydsblss  et  1*  Soufr*  **  radlseou*  dans  la  cou¬ 
ld*  auivant*.  On  observe  alor*  un  enrich! stesant  graduel  en  Soufr*,  could*  aprd*  could*  (cf.  figure  10)  qui  in- 
poee  8  cheque  fois  d'auaenter  la  doe*  d*  ddsulfurant.  Face  8  un*  tell*  dvolution,  11  taut  contlddrer  la  dd- 
■ulfuratlon  au  four  8  induction  sous  vide  coax*  un  noytn  d*  rdparer  un  accident  local  aal*  non  coaae  un*  pro- 
eddure  8  util iter  eystdaat iqueaent . 

La  vole  no  male  da  ddaulfuration  das  chutes  tulfurdet  past*  par  le  treiteasnt  par  un  laitier  baeiqu*  d'un  he in 
bien  ddtoxydd  au  four  8  arc.  la  bat  Soufr*  va  d*  pair  tree  un  bat  Oxygdn*  et  un  rdaldual  plus  ou  aolu*  lapor- 
tant  en  Aluainiia.  la  ndtal  alnai  rdduit  •' apparent*  aux  chutes  da  la  nuanca  at,  etaa  allea,  relive  d'un* 
gaaae  type  recyclage  direct. 


5-  OLIfiOElEHENTS 

La  valeur  d'uaage  da*  auperalllagea,  correspondent  aux  utilisation*  tea  plus  sxlgaantea,  suppose  la  nie*  aoua 
contrite  4*  87  dldaents  dost  38  racoaaua  noclfa  I  l'dtat  de  trace*  (aoln*  da  25  ppa  pour  chacun  at  uaa  scan* 
infdrleura  I  800  ppa).  Troia  dldaanta  Pb,  Ag,  8*  do i vent  Itr*  infdrleura  I  5  ppa,  Tl  at  Ta  dtaat  lnfdriaurs 
I  I  ppa  at  11  infdrlaur  I  0.5  ppa.  Le  tableau  5  dona*  laa  rdsultats  da  quel qua  a  analyse*.  Da  psr  lour  rdaetl- 
vitd,  laa  dldaaata  so  dif fdranclant  aoaalraaent  an  deux  eatdgoria*  (raf.  7  at  I)  i 

-  Certain*  As,  la,  lb,  P  ns  soot  pas  volatile  at  ns  t'dlialnant  pas  au  coura  da  I'd laboratloa  at  da  la  refuslon 
aoua  vide.  0a  const  at  a  an  enrlchistsasnt  prograasif  dt  an  rscyclage  qui  coatraiat  I  proeddar  8  daa  dilutions 
on  I  an  ddclaaaaaant  pour  aaintaair  la*  teneur*  I  no  niveau  acceptable  i 

-  D'autrea  dldaanta  soot  volatile,  e'eet  la  cas  en  partieuliar  de  Ta,  II,  Pb,  Ca,  Ha,  ta,  0a,  da  qui  seat  #11- 
ainda  au  aslna  en  partis  par  laa  trsltaaaata  sou*  vide  car  las  clnitiquas  da  distillations  an  four  PIN  east 


1 6-5 


lsntss,  ds  l'ordr*  d*  10  pp»  par  hsurs  pour  la  Ploaib  au  nivaau  da  20  ppsi .  La  rafuaion  VAR  aat  baaucoup 
plua  afficaca  pour  dAploisbcr  puisqu'slls  paraat  da  garantir  dana  la  lingo t  una  tanaur  an  Ploaib  infdriaura 
A  5  ppa, adaa  A  partir  d'una  M sc  trod*  qui  an  contiandrait  20  ppa . 


6-  EFFET  DE  LA  REFUSION  AU  FOUR  A  ELECTRODE  CONSOMMABLE 

La  r* fusion  au  four  A  Alsctrod#  conaoaaablo  aat  daatinda  A  contrftlar  la  aol idif icat ion  daa  1  ingots,  c'sst-A- 
dira  A  aaaurtr  una  repartition  hoaogAna  daa  phaaaa  aacondairaa  at  A  tainlaiaar  la  •  iux  da  sAgrAgstion. 
t>u  point  da  vua  qui  noua  intArsss*  ici,  alia  par»at  auaai  da  ctxaplAtsr  la  traitaaant  du  four  A  induction  aoua 
vida. 

~  Au  four  VAR,  l’lclataaMnt  daa  gouttaa  •dtalliquaa  dana  l'arc  of fra  daa  possibilitAs  d'Achsngs  avac  la  vida  ; 
l* aupaantat ion  da  aurfaca  sccAlAr*  laa  cinAtiquss  da  aiaa  A  I'Aqui libra  dana  daa  conditiona  da  trapAraturc 

at  da  praaaion  di f flrantaada  callaa  du  four  VIM.  Laa  gas  rAsidusts  (CO,  M2)  aont  dAsorbAs  at  AliainAs  par 

la  ayatAva  da  po*q>sg«.  Laa  partaa  an  Asota  na  aont  paa  nAgligaablaa  puiaqua  au  nivaau  da  50  ppa,  on  a  Atabli 
la  ralation  aaplriqua  auivanta  : 

AN  -  -  0.74  N2( initial)  ♦  5.8 

1-aa  AlAaanta  volatila  condanaablaa  aa  dApostnt  aur  laa  parols  da  la  lingotiAra  at  aa  ratrouvant  an  paau 
daa  lingota.  Dana  un  caa  axtrlaa,  on  a  pu  doaar  dana  la  diatillat  juaqu'A  0.1  X  da  Soufra,  40  ppa  da  Ploaib 

at  80  ppa  da  Z*nc,  alora  qua  dans  la  aatrica,  la  Ploab  at  la  Zinc  Atainnt  A  daa  concentrations  infAriauras 

A  5  ppa.  La  concantrat ion  des  iapuratAs  an  paau  das  1  Ingots  raprAsanta  capandant  un  risqu*  AlavA  da  fragl- 
1  last  ion. 

-  La  rafusion  HSR  fpura  la  aAtal  par  dissolution  daa  oxyds*  dans  la  laitiar  at  assura  un  covplAaant  da  dAsul- 

furation.  Pour  das  tanaurs  initiales  da  qualquas  disalnas  da  ppai,  la  taux  da  dAsulfuration  aat  voisin  da 

50  X.  Las  concantrat ions  an  gas  at  AlAawnts  volatila  na  aont  paa  abaiasAs  an  HSR  at  la  contrftla  du  Titana 

at  da  l'Aluainiua  n'ast  obtanu  qua  par  un  ajuatasant  prAcis  da  la  composition  du  laitiar. 

En  d’autras  tanaas,  la  rafuaion  viant  cooplAtar  las  purl f ications  qui  ont  AtA  opArAas  lors  das  phasaa  prAcA- 
dantas.  Las  possibilitAs  qu'alla  of fra  contribuant  A  aaAllorar  la  valaur  d'usaga  A  la  fois  par  rAduction  das 
tanaurs  aoysnnas  at  disparsion  plus  rAguliAra  das  phases  nocivas.  NAanmoins,  cat  aspact  na  pa ut  Itre  consi- 
dArA  qua  comm  aacondaira  davant  l'objactif  assantial  da  catta  opAration  qui  daaaura  la  contrftls  da  la  struc- 
tura  da  solidification. 


CONCLUSION 

Las  chutas  gAnArAas  au  cours  du  cycla  da  fabrication  da  pieces  an  suparalliaga  at  las  piAcas  elles-mAmes  apris 
uaaga  aont  da  plus  an  plus  systAmatiquemsnt  rAutilisAas  comm  sMtilra  praaiAra.  L'augaantation  du  taux  da  re- 
cyclaga  ast  liAa  A  das  progrAs  dans  las  tachniquas  physico-chlaiquas  da  nattoyaga  das  auitiAras  A  racyclar  at 
par  una  aaillaura  roaprAhansion  at  aisa  sous  contrftla  das  opArations  d'affinaga  an  phaaa  liquids  at  anfin  una 
adaptation  das  aodas  da  conduits  da  1 'elaboration  au  four  A  induction  sous  vida. 

A  las  considArar  individual laaant ,  las  principaux  AlAments  qui  constituant  la  pollution  pauvant  Atra  ramenAs 
A  das  tanaurs  compatibles  avac  las  axigancaa,  mtis  c'aat  laur  prAsanca  simultanAe  qui  rand  las  opArations 
plus  complexes  at  conduit  A  das  racoanandat ions  contradictolras. 

Lorsqua  la  prAsantation  physiqua  das  chutas  at  laur  nattoyaga  prAalabla  permettsnt  una  opAration  diracta  au 
four  I  induction  sous  vida,  un*  gaaasa  d’ elaboration  raplda  assiailabla  par  cartains  aspacts  A  una  fusion  inarta 
conaarva  touta  la  qualitA  obtanua  par  1 'elaboration  d’origina.  Cac i  supposa  qua  las  precautions  nAcassairas  A 
la  conaarvation  das  chutas  soiant  prisas  tout  au  long  du  cycla,  dapuis  la  fusion  du  aAtal  juaqu'A  I'usinaga 
daa  plAcaa.  Da  tallas  precautions  sont  A  I'Avidanca  coOtauaas,  aais  l'anjau  aat  important  davant  la  coOt  *a- 
tiAra  at  AnargAtiqua  das  opArations  da  racondlt ionnaaant  par  pyroaAtallurgia. 

Callaa-cl  off rant  da  plus  largas  possibilitAs  da  purification  par  affinaga  pnauastiqua  at  par  Achanga  aAtal- 
laitiar,  toutafois  il  ast  dlfficila  d'agir  siaul tsnAaant  sur  tous  las  Ailments  A  la  fois  pour  las  aaanar  aux 
nivaaux  aouhaitAs.  D'autra  part,  las  rendaamnts  aatiiras  sont  no ins  favorablas  qua  dana  la  racyclaga  diract. 

L'anaaabla  da  caa  sasuras  judiciauaaaant  coabinAaa  paraat  un  taux  da  racyclaga  globalemant  AlavA  at  A  ca  titra, 
on  paut  considArar,  pour  una  part  important#  das  altiagas,  qua  1 ’on  a  ainsi  una  sourea  da  matiAre  praaiAra 
da  qualitA. 
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TABLEAU  f  -  Repartition  des  different*  types  de  chutes  gendrees 
•n  1976  aus  USA  (en  pour can tag#) . 

Fora  and  quantity  of  scrap  generated  in  the  USA  in 
1976  (in  X). 
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TABLEAU  2  -  Evolution  de  la  teneur  en  atote  en  ppm  au  coura  da 

1' elaboration  au  four  ft  induction  sous  vide  -  All i age 
ATGM2A,  jeoyenne  de  10  roulftes. 

Nitrogen  changes  during  VIM  -  Alloy  type  U  S00  Average 
value  of  ten  salts. 
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TABLEAU  3  -  Coapa raison  daa  cindtiquas  de  d4nitniratioa  dans  trois 
fours  1  induction  sous  vide  :  6  t.  1.5  t,  SO  kg. 


Compare la on  of  Nitrogen  degassing  kinetic  in  three  dif¬ 
ferent  vacutas  induction  furnaces  t  6  t*  1.3  t,  50  kg. 
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RESUME 

la  fabrication  des  plAces  principals  de  noteurs  aAronautlques  lepllque  une  garantle  tur  leur 
valeur  d' usage  qul  nest  pat  toujours  couplAteuent  verifiable  par  contrdle  non  dettructlf.  Or,  let  rende- 
■entt  de  fabrication  tont  souvent  trAs  falblet  at  le  cout  det  plAces  ett  trAs  Influence  par  let  Aconoalet 
de  atttlAre  :  le  notorlste  dolt  done  recycler  let  chutes  de  fabrication  et  cecl  ett  d'autant  plus  rentable 
que  le  circuit  de  recyclage  ett  plus  court.  Ce  recyclage  ett  susceptible  de  gAnArer  det  problAaes  de  qua¬ 
nta  vis  4  vis  detquelt  11  faut  te  prAauntr. 

Oet  exeaples  relatlfs  A  la  else  en  oeuvre  d'alltages  de  tltane  corroyAs  et  de  tuptralllages  de 
nickel  pour  noulage  en  cire  perdue  lllustrent  let  aAcantsnes  par  letquelt  le  recyclaqe  det  chutes  est 
susceptible  d'lnfluer  tur  la  qualttA  det  placet.  Le  rfile  respectlf  det  dlffArents  partenalres  que  tont 
1'aclArlste.  le  fabrlcant  de  placet  brutes,  le  antorlste  et  le  recycleur  ett  nit  en  avldence.  Let  noyens 
que  let  techniques  de  contrdle  de  recette  procurent  au  notorltte  pour  naltrlser  le  probiane  tont  explldtAs. 

oOo- 


La  plupart  det  ixatArlaux  natal  liquet  nit  en  oeuvre  dans  let  turbines  i  gaz  aAronautlques  font 
1'objet,  depuls  1'orlqlne  de  cette  Industrie,  d'une  production  A  partlr  de  charges  salectlonndes  pour  ce 
type  d'appl icatlon.  dans  det  fours  consul  I  cet  effet,  chez  det  aiaborateurs  spAclallsAs.CecI  ett  partlcu- 
liarenent  vral  pour  let  tillages  a  hautet  caractaristlques  I  bate  de  nickel  ou  de  tltane  qul  tont  utllltas 
pour  let  placet  let  plut  solllcltaes.  Conpte  tenu  de  la  rareta  et  det  probldnes  d ’ approv 1 s 1 onnenent  que 
potent  certains  ndtaux  qul  tont  det  constituents  essentials  de  cet  tillages,  et  du  relatlf  Itolenent  det 
chalnet  d 1  At aboret Ion  et  de  transfomatlon  de  eeu«-c1  dans  l'entenble  de  I'lndustrle  nAtallurglque.le 
probiane  de  la  rAutl 1 1  sat  Ion  det  chutes  s'ett  laaAdlatenent  potA.Or  la  prAsence  slnultanAe  de  nAtaux 
dlfflcllenent  sAparebles,  dans  cet  tillages  souvent  utlllsAs  presque  excluslvenent  dans  la  construction 
des  noteurs.  rend  trAs  difficile  la  valorisation  de  leurs  chutes  dans  d'autres  classes  d'allleges  de  la 
natal lurgle  tpAclale.  11  ett  done  vlte  apparu  que  ’et  solutions  qul  pulssent  Atre  satlsfalsantes  tant  du 
point  de  vue  Acononlque  que  du  point  de  vue  technique,  devralent  Atre  recherchAes  1  1'lntArleur  du  cadre 
de  la  natal lurgle  aAronaut 1 que . 


NATURE  OU  PROBLEME  POSE  AU  N0T0R1STE  ET  DES  ENJEUX 

Le  probiane  est  d'autant  plus  algu  que,  c<Mpte  tenu  de  la  conplexitA  croltsante  de  la  forne  des 
places,  let  rendenents  de  production  entre  la  plAce  flnle  et  le  natArlau  prodult  par  1'aclArlste  tont 
souvent  falblet.  Alnsl,  11  n'ett  pat  rare  de  neturer  dans  le  cat  de  noteurs  nodernes.  det  rendenents  de 
nlse  en  oeuvre  de  151  pour  des  aubes  de  turbine  coulAes  en  fonder le  de  cire  perdue,  ou  de  101  pour  des 
dltques  de  conpresteur  ou  de  turbine  forgAs  en  natrtces  femAes.  Pour  obtenlr  les  rendenents  globaux  de 
fabrication  entre  la  plAce  nontAe  sur  noteur  et  la  charge  d'enfourneawnt  de  1'aclArlste,  ces  proportions 
sont  A  nulttpller  par  les  rendenents  d'Alaboratlon  du  natArlau  qul  sont  respect Ivenent  de  1‘ordre  de  871 
et  de  551. 

On  peut  done  altAnent  calculer,  sur  la  bate  de  ces  chlffres,  que  la  fabrication  d'un  ktlogranne 
d’aube  de  turbine  gAnAre  6.7  kg  de  chutes  :  la  fabrication  d'un  kl logranne  de  dlsque  gAnAre  17.2  kg  de 
chutes.  (Curleusenent  les  rAsultats  de  calcul  de  ce  dernier  chlffre  sont  trAs  volslns.  qu'11  s'aglsse  de 
superalllages  A  base  de  nickel  ou  de  supers! It  ages  A  base  de  tltane).  L'lncltatlon  Acononlque  au  recyclage 
det  chutes  est  done  trAs  forte.  A  tltre  d'exenple.on  gag ne  11  sur  le  coOt  de  production  d'un  noteur  civil 
coeeM  le  CFM.56  en  abalssant  de  101  le  coOt  de  fabrication  des  dlsques,  et  cecl  peut  Atre  obtenu  en  gegnant 
251  sur  le  coOt  de  la  natlAre  nlse  en  oeuvre.  Oans  le  cas  de  Vantage  de  tltane  TAfiV  PQ  AleborA  par  triple 

fusion  sous  vide,  utlttsA  pour  les  dlsques  de  coaqiresteur  batse  pression,  ce  gain  sur  la  natlAre  peut  Atre 

obtenu  en  reap lac ant  une  charge  de  natlAre  neuve  par  une  charge  alxte  de  551  d'Aponge  et  451  de  copaaux 
recyclAt.  De  la  nAne  fagon,  on  celcule  que,  aalgrA  des  fluctuations  trAs  fortes  du  prlx  des  jets  aoulAs  en 
suprralllage  de  nickel  IN  100  AlaborAs  I  partlr  de  natlAre  neuve  (les  prlx  ont  varlA  dans  une  proportion 
de  1  A  2  depuls  deux  ans),  l'AoeroMe  rAelltAe  par  le  fondeur  qul  utilise  des  Jets  aoulAs  AlaborAs  A  partlr 
d'une  charge  elite  conprenent  501  de  chutes  de  fonderle  et  501  da  nattAres  neuve s  est  constaaaeent  restA 
A  1 ’ intArieur  d'une  fourchette  de  37  A  441  du  prlx  de  base.  On  peut  ensulte  reaarquer  que.  pulsque  des 

techniques  d'Alaboratlon  et  de  else  en  oeuvre  dlffArentes  prAsIdent  A  la  fabrication  de  ces  deux  categories 

de  plAces,  la  repartition  des  golds  de  chute  en  fonctlon  de  leur  nature  (chutes  aasslves,  copeeux,  neu lures, 
perte  au  feu.  etc...)  et  l'endrolt  ou  alias  sont  crAAes  (AclArle,  forge  ou  fonderle,  atelier  d'uslnage,  etc..) 
tont  variables  d'un  cas  A  un  autre. 

La  conception  et  la  fabrication  det  noteurs  Atant  gouvernAes  par  des  rAgleaents  trAs  strlcts  destlnAs  A 
garantlr  la  sAcurltA  des  passagers  d'avlont  et  la  ftabllltA  des  aachlnes,  1 'attitude  det  constructeurs  vis  A 
vis  du  problAae  de  recyclage  det  chutes  a  AtA  longteaps  trAs  contervatrlce.  En  effet,  le  detain  de  la 
plupart  det  plAces  de  noteur  Atant  fondA  surle  prlncIpe  "Safe  Life",  par  dAflnltlon,  la  durAe  de  vie  des 
aachlnes  dolt  Atre  gar ant le  an  tenant  coapte  det  endoanwgaaents  naturals  ou  accidentals  des  plAcet,  et  done, 
pour  let  d1squet.de  la  capacItA  des  aetAHeux  A  garder  1'lntAgrltA  de  leurs  caractArlstlques  pendant  toute 
la  durAe  de  leur  utilisation  ou  pour  lot  aubes  de  la  capacItA  des  carters  A  retenlr  let  dAbrls  det  plAces 
roapuet  en  service. 
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Or. i'll  «st  facile  de  nettre  en  evidence  las  variations  dans  te  coaporteawnt  «t  1  'ando—agopent  dei 
aatdrlaux  sous  ! 'off at  de  t«  rdlntroductlon  dei  chutes  dans  lour  eye  It  de  fabrication,  jusqu'i  11  y  a  dlx 
ans.  las  factaurs  Influants  da  catta  dlsparston  n'avalent  pas  pu  dtre  sufflsaoapnt  cernds. 


L £ s_  premises  et  its  wethooes  ou  progres 

Oas  raisons  da  deux  ordras  peuvent  dtre  Invoqudes  pour  axpl Iquar  cala  : 

■  une  connalssanca  tnsufflsanta  das  conditions  da  fonctlonneoent  das  outlls  d'tlaboratlon, 

-  une  ndconnal stance  das  lols  d '  endoaaaageaent  das  natdrlaux,  an  partlcullar  sous  1‘affat  conjugud 
das  dlffdrents  types  da  sol  lid  tat  Ions  auxquelles  las  pldces  pauvant  dtre  soualsas  an  sarvlca. 

Ce  n'est  qua  par  das  progrds  perelltles  dans  cas  deux  doaalnes  qua  1'on  paut  depuls  quelques  anntas 
s'affranchlr  pau  i  pau  du  prlnclpa  salon  1  aqua  I  las  aatdrlaux  dot  rant  dtre  * I  aborts  1  partlr  da  aatldres 
neuves  las  plus  puras  possibles,  at  als  an  oeuvre  dans  das  pieces  desslndes  avac  das  coefficients  da 
sdcurltd  dtavds  pour  se  prdaunlr  contra  das  adcanlsaas  d'endoapagopent  non  aoddllsds.  Las  acldrlstas  ont 
effectud  un  travail  considerable  d'dtuda  at  da  poddllsatlon  das  processus  d'afflnage  at  d'dvolution  das 
inclusions  dans  las  fours  d'dlaboratlon  at  da  refusion.  En  adoe  taaps,  las  outlls  ont  dtd  diversifies  at 
dotds  da  aoyens  da  plus  an  plus  sophlstlquds  pour  aettre  sous  contrdla  laur  fonctlonnoaent .  Cast  sur  cas 
bases  qua  reposent  las  praaildras  publications  proposant  das  adthodas  da  recyclage  das  tuperelllages,  at 
paral  cellet  qul  ont  parals  da  falra  avancar  la  probldaa  da  fagon  significative, on  paut  cltar  la  publication 
de  CRCHISIO  an  1977  (I)  qul  fait  une  revue  critique  das  techniques  dlsponlbles  pour  la  traltaaent  das 
chutes,  at  celle  da  MOULDS  an  I960  (2),  qul  la  prealer,  a  donnd  das  rdsultats  d'assals  Industrials  d'afflnage 
da  tuperelllages  da  fondarla  an  clre  perdue. 

Oe  laur  cite,  las  aotorlstes  ont  affactud  das  progrds  sanslbles  dans  1 'Identification  das  nodes  da  solici¬ 
tations  endoanaaeants  at  da  laurs  affats  sdpards  at  coablnds,  las  prlnclpaux  dtant  la  fatigue,  la  fluaga  at 
1‘agrettlon  da  l'ataosphdre  au  contact  da  la  piece  an  sarvlca.  Cas  progrds  reposent  tout  d'abord  sur  une 
large  utilisation  das  theories  da  la  ndcanlque  da  la  rupture,  qul  a  pemls  de  quantifier  la  tanua  d  la 
propagation  das  fissures  at  la  noclvltd  das  patlts  ddfauts  da  qualltd  das  aatdrlaux.  On  a  alnsl  pu  nettra 
an  evidence  la  rdla  de  cartalnas  l^wretds  noclvas  ou  da  ctrtalnas  additions  bdndflquas  sur  la  vltassa  da 
propagation  das  crlques.et  ddtamln er  quantitative^!  la  rdla  ndfasta  das  Inclusions  dans  la  tanua  I 
I'aaorgage  das  fissures.  HERMAN  at  SENCCHAL,  dans  una  publication  rdeente  (3),  ont  analyse  an  detail  las 
progrds  rdallsds  i  ca  sujet  dans  la  conception  at  la  fabrication  das  dlsques  da  turboaachlnes. 

Hals  au  dell  das  travaux  de  base  effectuds  par  l'acldrlsta  at  la  constructaur,  la  recyclage  das  chutes 
requiert  la  participation  active  da  recycleurs  spdclallsds  qul  ragroupent  at  condltlonnant  las  chutes  dans 
des  installations  construltes  I  cat  effet,  at  salon  das  proeddds  spdclflquas  at  das  gaaaes  flgdas. 

L ' Inportance  du  rdla  da  ca  partenalre  Intanaddlalra  ddcoula  da  rappltcatton  ndcassalra  du  systlae  d'assu- 
ra nee  de  la  qualltd  au  recyclage  das  chutes,  at  depul S  quatre  ans  pluslaurs  socldtds  sa  sort  ddvaloppdas 
tant  an  Europe  qu'aux  USA  pour  rdpondre  I  la  deawnda  da  1'lndustrle  des  aoteurs  adronautlquas. 

Par  all laurs.  das  travaux  laportants  ont  dtd  effectuds  at  sc  povsulvp*  pour  la  also  au  point  da  adthodas  da 
contrdla  non  destructlf  (4)  at,  d'analysa  dldaentalre  (5-6)  plus  parforaantes  alnsl  qua  pour  parfectlonnar 
las  adthodas  devaluation  du  coaportaaent  das  aatdrlaux  au  cours  da  laur  else  an  oeuvre.  En  partlcullar,  an 
fondarla  da  precision,  las  travaux  da  l'ECOLE  DCS  NllffS  da  PARIS  en  concartatlon  avac  la  SNECNA  (7-8)  sur 
la  solidification  das  superatllages  ont  ddbouchd  sur  das  progrds  laportants  dans  la  cholx  das  qualltds 
d'alltaga  difflctlas  I  coular. 

Afln  da  prdclser  la  nature  das  dlfflcultds  I  sunaontar,  das  solutions  adopt del  at  das  rdsultats  obtenus, 
nous  allons  passer  an  revue  successlveaent  das  axsaplas  d'appllcatlon  da  la  ddaerche  ddcrlta  ci-dassus  I 
deux  categories  dlffdrentes  da  aatdrlaux  :  las  alllagas  da  tltana  corroyds  at  las  alllages  da  nickel  pour 
aoulage  an  cl  re  perdue. 
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Vis  I  vis  <*u  recyclage  das  chutes,  las  alllagas  da  tltana  sa  dlstlnguent  das  autras  alllagas  utilises  dans 
las  aotaurs  par  la  fait  qua  laur  cycla  da  fabrication  ne  coaprend  pas  d'dtapa  d'dlaboratlon  an  passe  I 
1'dtat  llqulda,  at  qua  1‘on  ne  proedde  qua  par  fusion  at  solidification  locales  at  progressives.  Da  ca  fait 
la  dilution  das  l^uretds,  at  la  separation  ou  la  reduction  das  inclusions  ne  pauvant  sa  falra  aussl 
coapldtaaont  qua  pour  las  alllagas  das  adtaux  ferreux. 

Panel  las  Inclusions  exoodnes  las  plus  noclvas  suscaptlblas  da  sa  trouvar  dans  las  alllagas  da  tltana 
figurant  las  carbures  tris  dlfflct laaent  solubles  com  MC  lef  figure  I). 

Oe  teiles  Inclusions  provlannant  gdndralaaent  da  ddbrls  d'outlls.  Pour  sa  prdaunlr  contra  las  pollutions 
acctdentelles  da  ca  type,  ast  tout  d'abord  ndcassalra  pour  la  aotorlste  d'dtabtlr  un  classaaant  par  cate¬ 
gories  das  chutes  rdcupdrables,  tout  an  erigeant  qua  las  chutas  recycldes  provlannant  axctuslvaaant  da 
da  produits  da  qualltd  adronautlqua,  qu'allas  sol ant  trfdes  par  nuance  at  rassaatldes  an  lots  hopogdnes. 

La  SNECMA,  dans  son  docupont  DM  24  qul  ddflnlt  las  conditions  da  rdceptlon  das  blltattas  at  barras  an 
alllaga  da  tltana,  a  Insdrd  una  grille  da  classification  das  chutas  qul  distingue  quatre  eatdgorlas  : 

•  las  chutas  passives  dont  la  tragabllltd  ast  assurda  at  qul  provlannont  das  fabrications  da 
l'acldrlsta  qul  las  recycle, 

-  las  chutas  passives,  sans  tragabllltd,  qul  dolvant  dtre  contrdldas  unltalrqpant, 

•  las  chutas  Idgdres  (  polds  <500  g)  sans  ’ragabllltd,  contrdldas  par  prdldvspent, 

-  las  copoaux  lotls  avac  un  contrdla  da  la  nuance  sur  un  dchantlllon  raprdsantatlf . 


Dans  checun*  da  cas  categories  sont  distingue**  las  chutes  uslndas  i>K  das  out  11*  an  carbure.qul  n*cess1tant 
un  trl  tt  un  contrAla  parttcut Idramant  soigne*  da  call**  uslndas  l«K  das  outllj  *n  Kltr  rapid*,  pour 
lasquallas  1 'experience  *  montr*  qua  Its  risque*  dp  persistence  d'lncluslon*  noclvas  *u  court  dpt  rpfutlont 
successive*  At  a lent  nAgllgaablas.  Let  chutes  massive*  ne  dot  rent  p«t  presenter  4  l«ur  surface  da  traces 
('Insertion  acctdantelfe  da  mrcaaux  d’outlls.  Las  contrftlas  let  plus  rlgouraux  sont  axlgd*  sur  tat  copaaux 
dont  la  plus  grand  (tat  da  division  accrolt  let  rlsques  da  pollution.  Certains  racyclaurs  ont  alt  r(c«— »nt 
au  point  das  chalnas  da  condltlonnament  sp(c1a1ls(as  dans  la  traltamant  das  copaaux  da  tltana,  qut  road) Inant 
das  method**  da  trt  fond** 5  sur  plusteurs  partlcularltdi  physiques  das  aatdrlaux  I  r(parar  fdensltd, 
magnetism*,  opaclt*  aux  rayonnamants  ate...)  at  un  contrftl*  final  4  loot  par  radlognphla  (.  Cat  chalnas 
da  trl  ont  conslddrablamant  dlmlnud  1*  risque  ('Inclusions  exogdnes  dans  las  llngots,  at  las  plus  petltes 
partlculas  d*  carburas  trldes  avac  una  quasi -certitude  par  da  telles  Installations  ont  un  diamdtr*  qul 
s'(ch*lonn*  salon  las  cat  da  0.20  4  0.60  ■».,  at  qul  an  moyann*  ast  da  0.40  an. 

Compt*  tanu  das  nlvaaux  da  sol  1 1cltattons  das  p1(cas,  qul  sont  an  particular  an  fatigue  ollgocycllque.  da 
1‘ordra  da  600  MPa.  las  fecteurs  d'tntenstt*  da  contratnte  corraspondant  aux  ddfauts  las  plus  noclfs  da 
catta  tall)*  da  0.40  an  sont  da  1‘ordre  da  1  -  10.NP*f"5"  .  Dans  cat  conditions,  las  vltastas  da  flssuratlon 
an  fatlgu*  restant  tr(s  falbtas,  tolt  environ  )0'aan/cycta,  at  las  Inclusions  da  catta  tallle  na  sont  pas 
susceptible*  da  rddulre  sanslblenant  la  dur(e  da  via  ascomptd*  das  places. 

Capandant  la  forgaron  n'a  pas  toujours  an  I'Atat  actual  das  techniques  da  contrAte  dlsponlblas  an  atallar, 
la  posslblllta  da  vdrlflar  la  propretA  Incluslonnalr*  das  prodults  11vr(s  par  1'acKrlste  4  un  nlvaau  da 
resolution  equivalent.  Cast  alnsl  qu'l  la  SNCCNA  las  blllattes  ■auKes  sont  contrAKes  par  ultra-sons  avac 
un*  frequence  da  6  MHZ,  Avac  la  nlvaau  da  sanstblltte  c our an t  B  40,  I*  tallle  du  plus  petit  ddfaut  detectable 
sans  tanlr  compt*  das  attenuations  IKts  aux  factaurt  d ' ImpAdanca  at  da  fora*  da  l'lnclusion,  est  da  0.86  aai 
(dlametr*  du  trou  4  fond  plat  equivalent).  Avk  la  niveau  A  20,  4  la  Halt*  das  laposltlons  possibles  sur 
c*  type  da  prodult,  catta  dlaanslon  se  rAdult  4  0.60  aai.  Sur  das  barras  4  aubas  ou  la  structure  ast  plus 
paraAable  aux  ultrasons.  on  peut  attelndre  un  saull  da  0.36  aa  an  contrAla  U6  par  laaarslon. 

Cn  resume,  on  paut  done  estlner  qua,  dans  la  cas  qul  nous  prAor  ipe,  las  rAsultats  attaints  par  las  recycleurs 
sont  coherent s  avac  las  exigences  actuelles  das  constructaurs  m  aotaurs.  Capandant,  las  possIbllltAs  da 
control*  das  deal -prodults  s*  rAvAlent  Insuffl santes  at  11  faut  procAder  ensult*  4  das  contrAles  plus  onAraux 
(radio  4  haute  senslbllltd  an  partlculler)  sur  piece  pour  garantlr  laur  durAe  da  via.  Alnsl  la  reduction  da 
cout  da  la  metier*  est  an  partle  consonmAe  par  I ‘augmentation  du  cout  das  contrAles. 

Cn  dehors  das  Inclusions  duras  da  carbure,  da  nombraux  autras  types  da  contamination  sont  susceptible* 
d'accoaqiagnar  la  racyclag*  das  chutes  da  tltana,  tals  qua  das  oxydes,  das  dAbrls  d'Alactrodas  da  soudaga,  ou 
das  morcaaux  ou  copaaux  da  mdtaux  rdfractalres.  La  figure  2  montr*  un  cas  da  pollution  da  TA  6  2r  6D 
(type  IM1  686)  par  da  tantal*  qul  tire  son  origin*  d'un  adlanga  da  chutes. II  ast  reaurquable  da  constatar  qua, 
blan  qu*  l'lnclusion  pulsse  Atr*  meins  dure  qua  I'alllaga  qul  la  contlent,  all*  entrain*  das  dAchlruras  an 
forge  (figure  3).  Caci  s'axpllqua  sans  dout*  par  1*  fait  qu*  la  plastlf Icatlon  d'un*  tall*  Inclusion  au  cours 
du  forge  age  ne  s'accompagn*  pas  da  sa  recrlitalllsation.  la  temperature  da  corroyag*  da  I'alllaga  da  titan* 
Atant  trop  bass*.  On  comprand  done  qu*  1*  racyclag*  das  chutes  da  tltana  pos*  das  problem**  Multiples  qul 
relevant  da  cas  d'espAc*  tr*s  varies,  at  nAcassIt*  d'acciaaular  un  volua*  sufflsant  d'expArlanc*  Industrials 
chaz  las  different*  partenalras  avant  da  pouvolr  prononcar  l'agrdnant  da  nouvallas  filler**  da  racyclag*. 
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Pour  cas  matArlaux  qul  participant  d'un  autr*  Mod*  (‘elaboration  at  d'un*  autr*  technique  da  else  an 
oauvra,  las  origin**  das  contaminations  sont  different**  at  laws  manifestations  Avantuallas  lor*  du  recyclage 
das  chutes  s*  sltuant  4  un*  Achall*  da  tallle  InfArleur*  dans  la  structure. 

Plus  da  90s  das  chutes  gAnArAes  tors  da  la  mlsa  an  oauvra  das  Jets  moulds  MvrAs  par  I'aclArlst*  au  fondaur 
se  ratrouvent  sous  la  fora*  massive  das  alimentations  da  could*.  La  figure  4  montr*  un  example  da  telles 
chutes  aprAs  tronqonnage  das  aubas  coulAas  an  NK  16  CAOT  (type  RCW  77).  On  dietings*  ImmAdlatamant  sur  catta 
chut*  las  pramiAras  causa*  da  contamination  qua  sont  las  rAfractalras  da  could*  at  la  zona  da  ratassura,  ou 
1*  mAtal  r*ste  liquid*  sufflsaMaart  longtemps  pour  qu'11  solt  difficile  d'Avltar  las  reactions  avac  1'ataos- 
phAra  lor*  d*  1'ouvarture  du  four  da  could*.  La  figure  6  Htustr*  das  cas  da  reaction  antra  cdramlquas  da 
fondarl*  at  mAtal.  at  parmet  da  comprtndr*  qua  las  nattoyagas  par  granalll*  ou  attaqu*  chlmlque  qul  sont 
systAmatiquamant  pratiques  par  la  racycltur  puissant  n*  pas  Atr*  toujours  parf altesmnt  efflcacas.  Capandant, 
las  tachnlquas  da  filtration  4  la  could*  da  Jets  qul  s*  sont  rdpanduas  dapuls  daux  an*  chaz  tous  las  eclArlstes 
(9-101  rdsolvant  sambla-t'11  convanab lament  I*  problem*  da  la  propretA  Incluslonnalr*. 

Par  contra,  las  autras  types  da  pollution,  plus  difficile*  4  combattra,  ont  conduit  dapuls  longtemps  4  dts- 
t Inguar  different**  classes  da  coulAos-mAras  salon  la  constitution  da  la  charge  at  4  rdsarvar  laur  utilisation 
chaz  1*  fondaur  an  fonctlon  da  I*  pldc*  4  cooler,  plus  ou  Mins  sensible  aux  contaminants.  On  dAflnlt  alnsl 
pour  la*  *11l*g*s  A labor As  sous  vide 

-  la  class*  A,  AlaborA*  4  oartlr  de  mat  Kras  nauvas.  od  I'aclArlst*  paut  introdulr*  un*  proportion 
da  12t  da  sas  propras  chutes, 

-  la  clast*  I,  dont  la  charge  comprand  da  40  4  60S  da  chutes  da  I'acldrlsta  at  du  fondaur  client, 

la  class*  C  dont  la  charge  ast  constltuA*  I  1009  do  chut**  da  Vacierltt*  at  du  fondaur  client. 

(.'experience  montr*  qua  la  qualltd  du  mAtal  recycle  n*  dApend  pas  saulamant  du  sotn  apportA  au  tri  at  au 
nattoyag*  das  chutes.  Cast  alnsl  qu*  pour  un*  piece  donnA*  on  constat*  da*  diffAraneas  systAmatlquas  da 
caractArlstlquas  lorsqu*  I 'on  change  la  class*  ('elaboration.  La  figure  6  montr*,  I  tttr*  ('example, 

1 ' abet t ament  da  1*  aurAe  da  via  an  fatigue  vlbratolra  d' aubas  an  IK  16  CAOT  (type  KCNC  77)  constate  an 
coulant  cat  pldcas  avac  un  alt  lag*  da  class*  I  au  Hau  do  la  class*  A.  Cn  gAnAral,  las  chutes  da  caractArls- 
tlguPt  s 'ac  camps  pn  ant  do  modifications  mfcrostmcturalas  mlnauras  affactant  prlncl  pa  lament  las  atpacat 
Inter  do  ndrltlquas.  qul  sont  done  I  rallar  aux  damlArat  At  apes  da  la  solidification  (7-8). 
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ic  contrdle  radlographlque  par  rayons  X.  affectud  systtawtlquoaent  sur  Its  tubes  coulde*  en  fonderle  de 
precision,  peraet ,  tree  Its  meliorations  obtenues  rdeemaent  en  util  Want  d*s  tubes  I  foyer  fin  et  des 
dcran*  ranforgateurs  de  contrtue,  de  dlstlnguer  de  petite*  variations  du  taux  de  porosltd  Interdendrltlque 
tuque!  let  propridtds  adcanlquet  sort  trt*  sensible*.  Sur  1*  base  de  ca  contrdle,  la  fonderla  de  la  SNCCMA 
clatse  systdaMtlqueaent  let  lots  d'alliaget.  et  1‘analyte  statlstlque  des  rdsultats  net  en  dvldence  las 
* I  Aments  en  trace  let  plus  noclfs;  et  let  traces  d'dldamnts  cerburlgdnes  Hf  et  Mb,  Mis  surtout  I'azote, 
tont  apparus  comma  let. premiers  responsables. 

La  figure  7  aontre  une  difference  sensible  des  teneurt  en  azote  entre  let  appro* 1 s 1 onn font s  des  classes  A 
et  B  du  atm  tillage  NK  15  CAOT.  L'analyse  rdpdtte  de  la  distribution  de  cet  4 lament  par  un  de  nos  fournlsseurs 
principaux  (10)  au  court  du  trl  de  descendants  de  coulde  analogues  I  ceua  de  la. figure  4,  met  en  dvldence 
des  variations  slgnlf Icatlves  8  I  35  ppm  salon  le  point  de  prdldvement.et  la  posslbllltd  de  sdparer  par 
tronconnage  las  zones  les  plus  polludes  afln  de  dlffdrencler  let  procedures  de  recyclage  et  tenter  de  rddulre 
cet  dcart . 

Cect  est  un  example  des  aaeiloratlons  successlves  apportdes  par  l'acldrlsta  A  la  teneur  rdslduelle  en  azote. 
D'autres  travaux  portent  sur  las  procedures  d'aff Inage  au  four  A  Induction  sous  vide  s‘y  sont  ajoutds  pour 
obtenlr  des  rdsultats  du  type  de  ceua  lltustrds  aua  figures  8  et  9,  ou  1 'htstograaae  des  teneurt  en  azote 
aprds  ces  ameliorations  apparalt  ddcald  de  fagon  significative  vers  des  teneurt  plus  falblet  dans  le  NK  15CATu 
(type  lb  100). 

Pour  effiner  le  classeaent  radlographlque  du  taux  de  porosltd  t  la  coulde,  le  laboratolre  de  la  SNCCMA  a  nit 
au  point  une  eapdrlence  de  coulde  en  source  au  four  A  Induction  tout  vide  d'dprouvettes  de  alcroporosltd. 

Une  grappa  de  quatre  dprouvettes  cyllndrlques  de  dlaarttre  13  m»  et  longueur  lOOaa  est  coulde  en  source  dans 
des  conditions  thermtques  reproductible*  et  contrdldet.  Une  plaquette  de  has  d'dpaltseur  est  ensulte  prdlevde 
par  un  ddcoupage  paralldle  A  l'axe  des  dprouvettes  aux  fins  de  caractdrlsatlon. 

La  aesure  en  mlcrographle  opt  1  qua  des  taux  de  porosltd  a  panels  d'dtalonner  let  cllchds  de  radiographic  X 
par  coaparalson  aux  c  I  lends- types  da  la  norma  A  S  T  N  -t  d'dtabllr  le  tableau  de  correspondence  de 
la  figure  10.  La  valldttd  de  cet  ettal  de  alcroporosltd  a  dtd  dteblte  par  la  caractdrlsatlon  de  lots 
aatldre  uttllsds  an  fonderle.  C'est  alnsl  qua  1 'on  a  obtenu,  avac  le  NK  15  CATu  par  rapport  A  un  lot  de 
ctasse  A  de  rdfdrence  condulsant  A  un  cllchd  ASTN  I,  les  rdsultats  tulventt  avec  des  lots  de  clatse  8  se 
dlffdrenclant  par  des  traces  de  polluants 

-  avec  ♦  500  ppa  de  Hf  un  cllchd  ASTN  3 

•  avec  •  TOO  ppa  de  Nb  un  cllchd  ASTN  4 

-  avec  ♦  TO  ppa  de  N  un  cllchd  ASTN  4 

Ces  rdsultats  recoupent  perfelteaent  1'expdrlence  da  I 'atelier  de  fonderle.  lit  ont  conduit  A  adopter  cet 
asset  de  alcroporosltd  pour  la  caractdrlsatlon  de  lots  Industrials.  Le  adaa  ettal  pc naat  de  roller,  de  fagon 
plus  precise  qu'A  partlr  des  dissections  de  pldce.  les  caractdrlstlques  adcanlques  A  la  distribution  de  la 
porosltd  at  la  figure  II  aontre  un  exaaple  dune  telle  correlation  dteblte  par  des  ettals  de  fluage  A 
partlr  d'dprouvettes  ddcoupdes  dans  let  plaques  prdlevdes  pour  la  radiographic. 

un  autre  cat  d'analyse  structured  quantitative,  utllltd  pour  le  classeamnt  des  lots  de  NK  15  COAT 
est  1 1  lustra  A  la  figure  IT  qul  aontre  la  frequence  ciaailde  des  carburet  en  fonctlon  de  leur  tallle  aasurde 
sur  coupe  polle  au  grosslsseaent  x  1500  A  1'alde  d'un  analyteur  d'laage  autoasatlque.  Ce  type  de  aesure, 
effectud  tur  un  grand  noabre  d'dchantlllons  peraet  de  rendre  coapte  de  fag on  plus  fine  des  differences  entre 
lots  du  type  de  cel  let  llluttrdes  A  la  figure  A.  la  conjugation  de  tel  les  dtudet  structured*  avec  des 
analyses  theralques  dlffdrentlcl las  conduit  A  Identifier  quant  It at  1  vacant  let  fac tours  de  contaal nation  au 
recyclage  dot  chutes  A  adapter  en  consequence  let  specifications  et  A  rddulre  let  causes  de  rebut  en  atelier. 


CONCLUSION 

Le  recyclage  des  aetdrtaux  adtalllques  utilise*  dans  la  construction  des  aoteurs  adronaut Iques 
inpllque  une  collaboration  dtroltc  entre  let  different*  partenalres  qua  tont  l'acldrlsta,  d  recycleur,  le 
fondeur  ou  le  forger on  et  le  constructeur  de  aoteurs. 

L'enjeu  Konoaique  est  taportant,  aais  let  gains  sur  let  quant  ltd*  de  amtldres  neuves  el  set  en  oeuvre  ne 
peuvent  dtre  obtenut  que  tur  la  base  d'un  systlae  coaplet  d'Assurance  de  la  Qualltd  tapllquant  des  documents 
spdclf iquement  aadnagds,  de  procedures  de  tn  et  des  proceeds  de  recyclage  blen  dtablls  avec  des  gaaaes 
flgdes,  alnsl  que  des  adthodes  de  contrdle  adaptdes.  II  laporte  ensulte  de  verifier  par  des  audits  pdrlodl- 
quet  la  confomltd  des  pratiques  A  ce  systdae. 

Le  aotoriste  doit  orchestrer  les  actions  de  set  fournlsseurs  et  ne  aettre  ou  falre  aettre  en  oeuvre  que  celles 
dont  l'lnocuitd  sur  la  qualltd  des  pldcet  a  dtd  ddmontrde  par  des  dissections  ou  das  etsals  partial*.  Dans 
cette  demarche,  l’analyse  structured  quantitative  s'evdre  dtre  un  aoyen  port Icull dromon t  efflcace,  en  ce 
qu'D  peraet  d'ldentlfler  avec  precision  let  facteurt  Influengant  la  valeur  d' usage  des  pldcet  letquelt 
l'acldrlsta,  pjut  avoir  prlte.  coame  la  propretd  Inclutlonnadre  ou  les  traces  d'dldamnts  rdt (duels. 
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ABSTRACT 

'Hot  aactlon  gas  turblna  angina  components  hava  rallad  on  the  uaa  of  auparalloya 
which  contain  high  percentage*  of  (trataglc  elements  to  attain  an  optima  coapromlae  of 
high  temperature  itrangth.  corrosion  and  oxidation  raaiitanca.  Due  to  limited  avail¬ 
ability  and  price  fluctuation*  of  cartaln  key  alloying  eleaenta,  such  as  cobalt  and 
tantalua.  selection  and  substitution  of  superalloys  with  lower  strategic  eleswnt  content 
is  being  accomplished .  The  change  In  alloy  often  leads  to  tha  uaa  of  materials  with  lass 
corrosion  and  oxidation  resistance.  This  paper  describes  tha  development  of  protective 
coatings  that  have  enabled  the  Implementation  of  less  environmentally  stable  alloys  with 
no  loss,  and  soaetlmes  an  increase.  In  component  capability  and  life.  Development  of 
tailored  MCrAlY  overlay  coatings.  Improved  diffusion  alumlnides,  thermal  barriers,  and 
alternate  wear  resistant  coatings  has  enabled  the  coating  corrosion  and  oxidation  life 
to  be  more  Independent  of  the  base  auperalloy  composition  and  hence  allow  more  latitude 
In  alloy  **!*<••  Ion.  The  resulting  coating  developments  and  their  effect*  on  reducing 
strategic  eleawnt  use  are  presented. 


INTRODUCTION 


The  limited  availability  of  strategic  elements  that  occurred  starting  In  1977,  and 
the  resulting  price  escalations,  lad  to  an  increased  awareness  of  the  dependence  upon 
key  elements  such  as  Co,  Cr .  Nl.  Ta ,  Ti  and  Cb  used  In  the  manufacture  of  gas  turbine 
engines.  This  situation  led  to  the  Initiation  of  programs  at  Pratt  and  Whitney  Aircraft 
to  reduce  the  uaeage  of  these  "strategic  or  critical"  elements  through  the  following 
efforts 

o  Substitution  and/or  development  of  less  strategic  element  containing  alloys 
and  composites. 

o  Reduction  In  the  Input  material  requirements  In  component  manufacture. 

o  Repair  and  restoration  of  worn  or  daawged  parts  for  extended  service. 

o  Initiation  of  new  engine  design  to  reduce  part  count  and/or  extend  component 

durabl 1 lty 

o  Extension  of  component  life  through  improved  non-destructive  evaluation  (NDE) 
and  retirement  for  cause  (RFC)  criteria. 

o  Substitution  and/or  development  of  metallic  and  ceramic  protective  coatings, 
that  are  not  only  lower  In  strategic  swterlal  content,  but  also  allow  use  of 
existing  or  new  ''strategic  element  lean"  alloys. 

Tha  results  of  this  Initiative  for  the  first  five  Items  have  been  previously  described 
by  Allen,  Halfpap  and  Siegel.*  This  paper  describes  the  work  In  coating  developawnt, 
processing  and  Implementation  that  has  and  will  continue  to  Impact  the  reduction  of 
strategic  eleawnts  In  Pratt  and  Whitney  Aircraft  engines. 


COATING  DEVELOPMENTS 


Historically  the  major  us*  of  protective  coatings  or  surface  treatswnts  has  been  to 
reduce  the  oxidation  and/or  hot  corrosion  (sulfidation)  distress  of  hoc  section  components 
In  the  combustor,  turbine  and  afterburner  (augmentor)  and  exhaust  noxsl*  sections  of  the 

fee  turbine  engine.  Of  the  strategic  or  critical  eleaMnts  used  In  an  engine  today,  see 
able  I,  the  two  most  important  eleawnts  impacting  hot  section  coating  usage  are  Co  and 
Cr.  These  elements  along  with  Nl  are  the  backbone  of  the  high  tesmeratur*  supers lloys. 

The  composition  of  typical  Co  and  Nl  base  suoeralloys  Is  given  in  Tables  II  and  III. 

Tha  chromium  with  aluminum  and/or  minor  additions  of  refractory  elaawnts  give  these  alloys 
their  oxidation  and  corrosion  resistance.  Tha  emphasis  of  coating  developMnta  has  been 
to  enrich  the  part  surface,  such  that  Increased  oxidation  (temperature  capability)  and 
corrosion  resistance  la  obtained.  Hence,  tha  thrust  of  coating  efforts  to  reduce 
strategic  element  usage  In  the  hot  section  has  been  focused  at  allowing  the  substitution 
of  nickel  base  alloys  for  cobalt  base  alloys,  use  of  lower  cobalt  containing  coatings, 
and  extending  component  durability  to  reduce  scrappaga  and  spare  part  Inventory  require¬ 
ments  .  Four  major  coating  developments  have  been  responsible  for  meeting  these  objectives: 

*  Presented  this  Conference. 
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1)  Development  of  the  MCrAlY  overlay  claaa  of  coat  Inga 

2)  Uaa  of  Pt  rood  If  lad  diffusion  aluminide  coatings 

])  Development  and  uaa  of  lnaulativa  "tharmal  barrlar"  ceramic  coatings 

4)  Application  of  optimum  waar  rasiatant  coatings 

Tha  greatest  single  contribution  by  Pratt  A  Whitney  Aircraft  to  reduce  strategic 
element  dependence  was  the  revolutionary  development  of  the  MCrAlY  (M  •  Fe,  Co,  Nl) 
class  of  overlay  coatings  These  overlay  coatings,  applied  by  electron  beam  vapor 
deposition,  plasma  spray  and  sputtering  techniques  allow  the  coating  composition  to  be 
designed  Independent  of  the  substrate  alloy,  and  to  be  optimized  for  the  best  compromise 
of  oxidation  resistance,  corrosion  resistance  and  mechanical  properties,  Figures  1  and  2. 
The  developaMnt  of  MCrAlY  overlay  coatings  has  led  to  the  availability  of  a  family  of 
coatings  that  provide  2-10  times  the  oxidation-corrosion  resistance  that  of  state-of-the- 
art  diffusion  aluminide  coatings.  Early  developments  led  to  a  CoCrAlY  (67T  Co)  series 
of  coatings  that  still  today  are  the  most  corrosion  resistant  coatings  available  In  the 
gas  turbine  Industry.  These  coatings  have  provided  over  a  three-fold  Increase  In 
corrosion  life  of  1st  stage  blades,  see  Figure  3,  and  allowed  for  the  first  time,  sub¬ 
stitution  of  higher  strength  nickel  base  superalloy  vanes  for  cobalt  base  aluminide 
coated  vanes  in  sdvanced  Air  Force  engines.  This  sutstitutlon  reduced  Co  usage  by  over 
)6  kg  (80  lb.)  per  engine. 

To  meet  the  demand  for  higher  temperature  capability,  the  NiCoCrAlY  class  of  coatings 
was  developed  The  coetlngs  offer  higher  ductility,  and  approximately  the  equivalent 
hot  corrosion  resistance  to  that  obtained  with  CoCrAlY.  while  having  approximately  45 
percent  by  weight  less  cobalt.  The  NiCoCrAlY  coatings  ( 2 3X  Co),  now  replacing  CoCrAlY, 
reduced  cobalt  usage  while  still  suilntalnlng  or  Increasing  airfoil  durability.  Savings 
of  4.600-9.000  ke  (10.000-20.000  lb.)  of  cobalt  are  projected  by  this  substitution.  The 
largest  benefit  brought  about  by  the  NiCoCrAlY  class  of  overlay  coatings  was  the  avail¬ 
ability  of  higher  temperature  capability  coatings  that  could  be  formulated  Independent 
of  the  substrate  alloy,  and  optimized  for  the  engine  mission  and  environment.  These 
coatings,  when  combined  with  less  corrosion-oxidation  resistant  alloys  lean  In  strategic 
elements,  create  an  al loy/coat lng  system  that  has  no  net  loss  In  capability.  With  the 
use  of  advanced  NiCoCrAlY  coatings  on  newly  developed  essentially  Co.  Cr  free  nickel  base 
superalloys,  corrosion  resistance  commensurate  with  that  of  conventional  nickel  base 
superalloys  has  been  achieved,  see  Figure  4. 

With  the  cobalt  shortage  In  1978,  the  cost  of  CoCrAlY  coatings  approximately  doubled 
in  price,  attention  was  focused  on  developing  cobelt  lean  coatings.  In  applications 
where  oxidation  resistance  wes  needed  (over  corrosion  resistance)  NiCoCrAlY  coatings 
were  substituted.  Where  corrosion  resistance  and  not  temperature  capability  (l.e., 
oxidation  resist. incei  was  life  limiting.  Pt  sudlfled  diffusion  aluminide  coatings  were 
substituted  for  the  CoCrAlY  overlay  coatings.  Although  not  giving  the  corrosion  pro¬ 
tection  of  CoCrAlY,  these  Pt  alvaalnldes  did  provide  corrosion/oxidation  protection  to 
meet  the  needs  of  in-service  engines,  Figure  4.  Although  Pt  Is  also  considered  a  strategic 
eleaMnt,  Its  use  in  these  coatings  is  low,  approximately  0.01  gm/ern*.  or  about  1/60  the 
Co  used  In  CoCrAlY. 

Along  with  MCrAlY  coating  developments,  advances  In  "thermal  barrier"  ceramic  coating 
developments  have  further  lessened  the  dependence  on  strategic  elements  In  gas  turbine 
engines.  Prior  to  the  cobalt  crises  of  1977  cobalt  base  aheetmetal  alloys,  see  Table  III, 
were  being  used  for  the  manufacture  of  combustors,  sugmentor  and  nozzle  cosq>onents. 

These  alloys  were  selected  over  Nl  base  alloys  for  their  la^roved  creep/rupture  strength 
and  fatigue  capability.  The  ci Isle  caused  the  engine  design  community  to  revisit  nickel 
base  alloys  In  all  areas  The  developaMnt  of  a  more  spall  resistant  duplex  Mg0.Zr02 
thermal  barrier  coating  (Figure  5)  wes  Instrumental  In  the  substitution  of  nickel  base 
alloys  for  Co  base  sheet  alloys.  The  Improved  coatings  offer  over  58°C  (100°F)  metal 
temperature  reduction,  see  Figure  6.  Implementation  of  nickel  base  alloys  with  these 
new  coatings  in  plase  of  cobalt  alloys  Is  being  accomplished  in  all  Pratt  and  Whitney 
Aircraft  engines  The  estimated  cobalt  savings  obtained  on  a  typical  engine  combustor, 

Is  shown  In  Figure  7  This  savings  includes  the  effects  of  a  seven-fold  reduction  In 
cobalt  In  the  alloy  plus  Improvements  In  amnufacturlng  methods. 

Beyond  the  combustor,  sugmentor  and  nozzle  applications,  the  use  of  these  thermal 
barrier  coatings  on  turbine  airfoils  Is  also  being  Investigated.  Davelopaents  of  more 
adherent  thermal  barrier  coatings  have  yielded  coatings  that  can  withstand  the  higher 
airfoil  heat  fluxes  and  provide  up  to  167°C  (300°F)  in  metal  temperature  reduction. 

With  this  Insulation  benefit,  even  less  strategic  alesMnt  containing  turbine  airfoil 
alloys  can  be  used,  thus  reducing  further  our  dependence  on  strategic  elements. 

U.S.  Air  Force  Retirement  for  Causa  studies  have  pointed  out  that  tha  moat  fruitful 
area  for  raducad  strategic  material  usaga,  short  of  complete  engine  redesign,  is  through 
component  life  extension.  The  exhaust  nozzle  of  a  modern  engine  Is  a  complex  assembly 
of  over  400  major  parts  which  Is  subjected  to  extream  waar  conditions,  elevated  tem¬ 
peratures,  vibrations,  and  constant  part-to-part  movaaMnt ,  Flgura  B.  Selection  of 
optimum  wear  coatings  Is  not  always  straight  forward  because  of  the  diversity  of  amterlals 
used;  titanium,  nickel  base  superalloya,  cobalt  superalloys,  columblum  alloys  and  com¬ 
posites.  At  Pratt  and  Whitney,  extensive  developaMnt s  have  been  conducted  to  optimise 
thermal  barrier  and  wear  coatings  for  the  exhaust  notsle.  Figure  9  shows  s  comparison  of 
wear  rates  sxperlencsd  during  testing  of  various  costings  on  s  nossle  divergent  flap  bridge 
clamp.  This  work  led  to  tripling  the  life  of  thirty  of  the  notsle  components. 
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FUTURE  EFFORTS 

Advanced  coating  technology  will  continue  to  be  a  key  element  in  reducing  our 
dependence  on  strategic  materials  in  gas  turbine  engines.  U.S.  Air  Force  sponsored 
programs  are  undtrwsy  to  develop  coatings  with  increased  resistance  to  oxidation  and 
corrosion  at  higher  temperatures  as  well  as  Improved  mechanical  properties.  Some  of 
these  coatings  are  void  of  cobalt  content.  When  coupled  with  advanced  superalloys 
essentially  free  of  cobalt  and  chrome,  these  coatings  provide  higher  turbine  airfoil 
capability  with  less  dependent  on  strategic  materials.  Development  of  thermal  barrier 
coatings  for  sheet  metal  and  turbine  components  will  continue  and  provide  Increased 
capability  to  all  hot  section  parts.  Efforts  to  be  in  a  "state-of -readiness”  to 
rapidly  implement  these  developments  before  a  shortage  or  crisis  occurs  will  remain  a 
major  part  of  Pratt  and  Whitney's  overall  effort  to  reduce  strategic  material  usage  in 
gas  turbine  engines. 


i 


Finished 

Input  parts 


Kg 

Cb) 

Kg 

(lb) 

Titanium 

2473 

(5440) 

363 

(798) 

Aluminum 

305 

(670) 

55 

(121) 

Tantalum 

14 

(3) 

0.2 

(0.5) 

Columbium 

66 

045) 

14 

(31) 

Cobalt 

402 

(685) 

65 

(142) 

Chromium 

675 

(1485) 

99 

(217) 

Nickel 

2047 

(4504) 

281 

(619) 

Table  1  Weight  of  strategic  elements  used  in  the  manufacture  of  an  F100  gas 
turbine  engine 
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61 
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Table  II 


Strategic  elements  in  cobalt  and  nickel  base  superalloys  used  for  cast 
turbine  vanes  and  blaces  (Composition  given  in  weight  percent.) 


wl  % 


AMoy 

Nl 

Cr 

W 

Cb-T« 

Co  * 

j 

CobMt  tMM 

L606 

10 

20 

15 

535 

Ha  166 

22 

22 

14  5 

414 

Ntcfctf  b*M 

Hast  X 

BM 

22 

06 

1  5 

IN  625 

B4 

21  5 

21  5 

365 

0 

Table  III:  Strategic  elements  In  cobalt  and  nickel  base  sheet  alloy  used  In 

manufacturing  combustor,  augmentor  and  notsla  components.  (Composition 
given  In  weight  percent . ) 
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Vacuum  chamber 


figure  1  Schematic  of  electron  beam  vapor  deposition  process  used  in  implementing 
MCrAlY  overlay  coatings  to  gas  turbine  vanes  and  blades 


Figure  2  Microstructure  of  typical  MCrAlY  overlay  coatings.  Dark  phase  is 

(  (CoAi  or  NiAl),  light  phase  is  v  (nickel  or  cobalt  solid  solution). 


Diffusion  CoCrAlY 

aluminide  overlay 

figure  3  First  stage  blades  after  service  evaluation  illustrating  over  3X  life 
extension  achieved  with  substitution  of  CoCrAlY  overlay  coating  for 
standard  diffusion  aluminide  coating 
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Diffusion  Diffusion  Pt-  NI/CoCrAlY  NICoCrAlY 

aluminide  aluminlde  aiumlnlde  overlay  overlay 


Cobait  Nickel  base  super  alloy  Co.  Cr  free 

base  superalloy  nickel  base 

superalloy 


Figure  4  Hot  corrosion  life  of  diffusion  aiumlnlde,  Pt-alumlnlde  and  NICoCrAlY 

overlay  coatlnga  showing  advantages  of  overlay  and  Pt  modified  diffusion 
coatings  Comparison  based  on  35  ppm  salt.  995°C  (1750°F)  cyclic  burner 
rig  testing 


j  Substrate 


Figure  5  Microstructure  of  typical  plasma  sprayed  thermal  barrier  coating  used  for 

protection  of  combustor,  augmentor  and  nostle  components  from  thermal  distress 


(100)  (200)  (300) 

Metal  temperature 
reduction  -  °C  (°F) 

Figure  i:  Potential  metal  temperature  reductions  possible  with  use  of  thermal  barrier 

coetlngs.  Temperature  reduction  Increases  with  Increasing  heat  flux. 


Figure  7  Cobalt  aavlngt  achieved  In  advanced  engine  combustor  by  use  of  Improved 
spall  resistant  thermal  barrier  coating  and  substitution  of  a  Nl  base 
alloy  for  the  standard  Co  base  superalloy 


Figure  8  Overall  view  of  typical  advanced  tactical  fighter  exhaust  noszle  showing 
coeiplex  noxtle  design 
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COMPARISON  WEAR  RATES,  EXHAUST 
NOZZLE  FLAP  CLAMP 


1  2  3  4  5  6 

Coating  system 


Figure  9  Comparison  of  wear  rataa  of  various  coatings  on  nozzle  divergent  flaps 
showing  life  improvement  by  selection  of  optimum  wear  reslstcnt  coating 
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SUNNARY  . 

The  sort  efficient  use  of  recycled  foundry  scrap  or  revert  alloy  presents  an 
alternative  to  substitution  as  a  scans  of  conserving  strategic  raw  naterlals  and 
represents  sore  efficient  utilisation  of  valuable  resources.  A  Major  difficulty  is  the 
Inferior  foundry  perforaance  of  revert  altoy  which  can  result  in  hot  tearing  or 
unacceptable  levels  of  aicroporoaity  so  that  recycled  aaterial  has  generally  been  used 
foe  the  less  crltlcsl  components  In  the  turbine. 

The  present  paper  considers  the  general  problem  of  control  and  specification  of 
iapurity  eleaents  with  particular  attention  to  the  situation  relevant  to  recycled 
alloys  and  considers  the  Influence  of  certain  impurities  on  alcrostructure  and 
properties.  It  will  be  shown  that  there  Is  scope  for  the  improvement  of  specifications 
for  Impurity  eleaents  and  that  a  better  understanding  of  the  relationship  between 
casting  conditions  and  alcrostructure  is  required  for  conventionally  cast  alloyj- 


INTRODUCTION 

Uncertainties  in  the  price  stability  and  long-term  availability  of  certain  eleaents 
crucial  to  the  high  temperature  perforaance  of  superalloys  has  led  to  Increased 
interest  in  using  larger  amounts  of  recycled  material  to  conserve  these  strategic 
eleaents  (1,2).  The  general  estent  to  which  the  USA  and  the  countries  of  Europe  depend 
on  Imports  of  elesMnts  such  as  nickel,  chroaiua  and  cobalt,  essential  for  high  strength 
superalloys,  is  evident  rroa  Table  1.  Although  perforaance  rather  than  price  can  be  the 
major  criterion  for  high  strength  auperalloys  a  considerable  amount  of  scrap  (1)  Is 
currently  recycled  within  the  industry  but  this  is  largely  used  for  less  critical 
components.  The  need  to  recycle  aaterial  arises  because  of  the  large  amount  of  high 
quality  scrap  regularly  produced  by  individual  foundries.  Thus,  during  the  Investment 
casting  of  blades  only  about  40*  of  the  melt  weight  emerges  In  the  final  product  and  in 
the  case  of  wrought  alloys  some  complex  machined  parts  may  have  a  final  product  yield 
of  approximately  ten  per  cent.  Generally  it  la  estiemted  within  the  Industry  (4)  that 
the  weight  of  seal -finished  products  leaving  the  plant  is  less  than  301  of  the  weight 
of  alloy  melted. 

Although  the  major  element  concentration  of  recycled  material  Is  adjusted  during 
reverting  to  meet  the  original  specification  it  is  generally  agreed  that  the  foundry 
performance  of  revert  alloy  is  interior  to  that  of  virgin.  This  inferiority,  which  can 
result  in  increased  aicroporosity  or  in  hot-tearing,  nay  be  due  to  small  changes  in  the 
content  of  minor  eleaents  such  as  tlrconlua,  silicon,  nitrogen  and  oxygen  etc  as  a 
result  of  contamination  from  the  mould,  cores  and  furnace  environment.  Thus  soar  effort 
has  been  devoted  to  the  determination  of  the  Influence  of  small  dlftersnces  in  the 
trace  eleawnt  content  on  the  foundry  performance  and  the  high  temperature  properties  of 
Nl-Cr-base  alloys  to  provide  a  basis  for  the  control  of  eleaents  found  to  have  a 
detrimental  effect  on  behaviour. 

The  purpose  of  this  paper  was  to  review  certain  aspects  of  the  specification  and 
control  of  trace  elements  during  melting  and  casting  with  particular  emphasis  on  the 
problems  associated  with  recycled  aaterial  end  to  consider  the  effect  on  alcrostructure 
and  properties  of  the  minor  elements  generally  believed  to  Influence  the  behaviour  of 
revert  alloys. 


IPRCIPICATIOWS  POR  TRACE  CLRNBITS 

The  Increased  awareness  of  ths  harmful  effecta  of  eleaenta  auch  aa  Pb,  81,  Ag  ate  on 
the  high  temperature  performance  of  auperalloys  led  In  the  IfdO's  to  the  formulation  of 
specif icatlons  agreed  between  customer  and  suppllar  filing  acceptable  limits  for  the 
content  of  Individual  trace  elements.  These  specifications  have  become  more  stringent 
In  the  Intervening  years  as  more  data  have  become  available  and  this  trend  is 
Illustrated  In  Table  2  where  the  values  currently  specified  by  a  typical  customer  ars 


•flown  along  with  the  Units  fixed  In  earlier  specif  lest  Iona .  X  furthst  developeent  has 
baan  tha  introduction  of  tha  concept  of  tha  lowar  reporting  lialts  with  tha  aia  of 
Indicating  tha  praaanca  of  significant  taounte  of  lapurltles  within  tha  llaita  sat  by 
tha  ralavant  •pacifications  and  currant  valuas  have  baan  tncludad  in  Tabla  2.  Tha 
downward  trand  in  lowar  raporting  lialts  which  Is  largaly  s  conaaguanca  of  an  laprovad 
analytical  capability  is  illustratad  in  Tabla  3  wbara  it  can  ba  saan  that  tha  Halt  for 
Bi  for  asaapla  has  baan  raducad  by  a  factor  of  10  sines  197$.  also,  tha  liait  for  Ca, 
which  It  is  claiaad  can  aoaatiaas  hava  a  banaficial  and  soaatiaas  a  haraful  influence, 
la  now  $  ppa  but  was  100  ppa  in  1901.  tt  is  ganarally  acknowladgad  that  aany  of  tha 
•laaants  in  quastion  ara  raqularly  analysad  at  concantratlons  abova  thosa  of  tha  lowar 
raporting  Halts  but,  at  tha  aaounta  usually  datactad,  non  a  avan  aoproachas  tha  aaxlaua 
spaciflad  valua.  Savaral  of  tha  alaaanta  vis  Zn,  Ca,  and  Sn  ara  coaaonly  agraad  to  ba 
of  llttla  concarn  for  control  of  oroduct  quality. 

Tha  naasuras  described  hava  provldad  tha  basis  for  tha  control  of  dalatarlous  traca 
alaaanta  but  with  the  laportant  exception  of  SAE,  AMS  2280  for  ailltary  aircraft 
applications  (Table  2),  national  spec  1 f icat ions  for  suparalloys  do  not,  in  general, 
include  coaprehansiva  Halts  for  lapurltles.  This  is  illustrated  in  Table  4a  where 
•pacifications  for  alnor  alaaents  froa  typical  national  standards  for  an  IN100  type 
alloy  ara  shown  and  tha  aost  coaprahanaive  froa  tha  point  of  vlaw  of  iapuritlas  which 
ara  generally  recognised  as  haraful,  vis  A  THOR  MR  1  SCAT,  qlves  Halts  for  Ag,  Pb  and  Bl 
only.  Tha  corresponding  BS  HC204  specification  includes  Halts  for  only  Ag  and  Pb  and 
tha  latter  is  fixed  at  twice  the  APMOR  valua.  These  specif icat ions  apply  to  both  virgin 
and  revert  heats  and  tha  levels  of  alaaanta  such  as  tr  and  81  can  raadily  ba  aat  during 
reverting.  Also  it  will  ba  noted  that  no  Halts  are  laid  down  for  control  of  gases  ag 
nitrogen  and  oxygen  and  variations  in  nitrogen  content  in  particular  can  seriously 
influence  the  parforaanca  of  recycled  Ni-basa  alloys.  An  laportant  feature  of  each  of 
tha  specifications  in  Tabla  4a  is  that  stress-rupture  tests  ara  required  for  release 
purposes  but  only  tha  LM  2.4074  standard  lncludss  a  tast  at  a  taaparatura  low  enough 
(740°C)  to  indicate  tha  presence  of  unaccaptabla  aaounta  of  nitrogen. 

Tha  sped  f  icat  ion  for  tha  Chinese  alloy  R17  which  la  alailar  in  coapoaitlon  to  1N100 
provides  an  Interesting  coaparison  and  it  can  ba  saan  froa  Table  4b  that  in  this  case 
Halts  ara  indicated  for  a  coaprehansiva  list  of  trace  lapurltles.  However  tha  lowest 
taaparatura  for  stress  rupture  tasting  for  release  purposes  is  900°C. 


IMPURITY  COMTROL  OURIMG  MELTING  AMO  CASTING 

Tha  iapurlty  content  of  virgin  aalts  can  in  principle  ba  controlled  by  choice  of  raw 
Materials  and  by  suitable  ad]uetaent  of  aeltinq  practices  (6,7,0,29).  Tha  typical 
content  of  lapurltles  for  tha  aajor  raw  Materials  used  is  shown  In  Tabla  5  and  it  can 
ba  seen  that  tha  chief  source  of  lapurltles,  particularly  of  sulphur  and  phosphorous, 
is  chroaiua.  Tin  occurs  in  both  Cr  and  Co  but,  apart  froa  Ga,  is  tha  only  aetallold 
present  in  any  significant  aaount. 

when  typical  iapurlty  levels  froa  savaral  casts  of  certain  suparalloys  with  tha  noainal 
coapoaitlon  given  in  Tabla  0  ara  considered  it  can  ba  seen  (Tabla  6)  that  for  about 
twenty  casts  of  Mar  M002  tha  iapuritlas  ara  for  the  aost  part,  well  below  tha  spaciflad 
liaits  (Tabla  2).  A  siailar  conclusion  can  bo  reached  for  tha  casts  of  virgin  and 
revert  IN71J  LC.  In  this  case  only  tha  analysis  for  Ga,  9b,  and  Ng  approach  the  Halts 
and  interestingly  tha  Pb  content  of  tha  revert  casts  has  dropped  significantly  whlla 
tha  Sn  content  has  Increased.  This  result  Is  broadly  consistent  with  tha  findings  of 
work  (9)  to  investigate  tha  affect  of  vacuua  processing  on  the  selective  reaoval  of 
iapurltiaa  froa  Nl-209  Cr  which  showed  that  Pb  could  ba  raducad  to  *  5  ppa  in  one  hour 
at  | J00°C  whereas  tha  Sn  content  was  largely  unaffected.  Oxsainatlon  of  tha  data 
available  for  about  twenty  casts  each,  of  virgin  and  revert  IN730LC  shows  that  siailar 
trends  can  ba  identified  in  this  aaterial  also.  9oaa  of  tha  differences  in  the  trace 
eleaent  content  in  the  various  alloys  can  be  attributed  to  the  variations  in  u)or 
•  tenant  coapositlons  and  for  asaapla  the  eoeeidtat  higher  concentrations  of  sulphur  in 
IN919  and  IN710  can  be  related  to  the  higher  chroaiua  content  in  these  alloys. 

The  effect  of  netting  practice  on  trace  eleaent  content  has  been  axaalned  for  certain 
wrought  alloys  and  when  electro-slag  resetting  (UR)  was  applied  subsequent  to  vacuua 
Induction  salting  (VIN)  for  the  alloys  IN710  and  C20)  thers  was  no  noticeable  reduction 
in  trace  eleaent  content  (141.  The  use  of  a  high  fluoride  slag  increased  the  Pb  content 
in  alloy  C201.  However,  as  Table  7  shows,  electron  been  aeltlng  (IBM)  following  VIN 
etgnlf tcentlv  reduced  the  content  of  Pb  and  oaygen  in  Niaonic  00A  |H)  and  had  a 
siailar  effect  on  lead,  bleauth,  silver  end  oxygen  in  1*710  (12).  Thera  was  however 
little  effect  on  nitrogen  content  in  the  IN7J0  although  lost  reduction  occurred  in 
Niaonic  00A  and  any  loos  of  chroaiua  was  ainieal. 

Revert  alloys  ate  in  goner  el  characterised  by  a  higher  content  of  nitrogen  and  in  eoae 
cases  silicon  (Ails,  aa  has  been  shown,  the  aaount  of  aetalloida  can  frequently  be 
reduced.  Typical  values  of  nitrogen  analysis  have  been  Included  in  Table  0  for  virgin 
and  revert  casts  of  the  alloys  shown  and  it  should  be  noted  that  the  higher  Cr  alloys 
vis  1*9)9  and  IH7M  generally  contain  larger  aaount s  of  nitrogen.  In  the  vacuua  aeltlng 
of  virgin  aaterial  nitrogen  can  be  redwood  by  controlling  tha  aeltlng  procedure  la  by 
aeltlng  the  nickel  sad  chroaiua  end  allowing  tlae  for  tha  nitrogen  to  be  evolved  before 
the  strong  nltrtde  for ears  are  added.  Sows  vet  even  under  these  conditions  the  nitrogen 
content  is  about  an  order  of  aagnitwde  greater  than  the  value  calculated  on  the  basis 
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of  Slevert's  Lam  (13)  for  a  20*  Cr-Nl  binary  alloy.  with  a  10  urn  pressure  of  nitrogen, 
indicating  that  lonqer  holl  times  would  ba  required  to  raach  equlllbr turn.  Soae  control 
of  tha  nitroqen  laval  in  reverted  material  la  poaalbla  by  caraful  aalactlon  of  scrap 
and  by  reaovinq  tha  surface  layar  froa  racyclad  caatlnqa  ainca  nitroqen  contanta  of 
greater  than  100  ppa  |10,29)  hava  baan  measured  naar  tha  aurfaca  of  cast  auparalloys. 
Silicon  contamination  raaulta  froa  intaraction  with  aoulds  and  coras  and  appaara  to  ba 
associatad  with  aaall  coaponants  and  with  parta  cast  by  diractlonal  solidification  and 
la  ralativaly  inaanalt iva  to  tha  aeltinq  procadura.  ha  a  rasult  of  iaprovaaants  in 
analytical  tachnlquaa  allowing  silicon  to  ba  datarainad  to  *  0.01  wtt  (10),  it  has  baan 
shown  that  revert  War  N002  can  contain  at  laaat  ala  tlaas  as  auch  silicon  (0.08  wtt)  as 
tha  virqln  stock  (<0.01  wtl) 


THE  EFFECT  OF  RECYCLING  OH  NICROSTRUCTURE  AND  PROPERTIES 

A  character lstic  of  castinqs  produced  froa  racyclad  auparalloys  is  tha  hlqhar  lavals  of 
alcroporosity  (14, 2S)  compared  with  thoaa  normal ly  obtained  in  siailar  caatlnqa  froa 
virqin  heats.  Typical  data  are  shown  in  Flq  1  and,  while  tha  raaaona  for  tha  hiqh 
lavals  of  alcroporosity  have  not  baan  satisfactorily  established,  tha  stress  rupture 
properties  of  aatarial  of  this  type  are  reduced.  Consequently  tha  tendency  has  baan  tc 
restrict  tha  use  of  revert  to  caatlnqa  with  good  feeding  characteristics  or  to  use  HIP 
to  close  tha  alcropores.  Tha  af factivaness  of  this  treatment  is  evident  froa  Pig  2.  In 
recant  work  (11)  tha  deliberate  addition  of  nitrogen  to  cast  carrots  of  Nar  1002  caused 
an  increase  in  aierporosity  and  a  drop  in  stress  rupture  performance.  Pigs  3  and  5, 
thus  providing  soaa  avldanca  to  link  tha  high  gas  contents  typical  of  ravart  alloys 
(Table  6)  with  tha  poor  foundry  parforaanca.  This  investigation  also  showed  that  tha 
increase  in  nitrogen  content  was  accompanied  by  a  change  in  tha  aorphology  of  tha  HC 
carbides  which  becaae  more  blocky  in  appearance,  significantly  it  opeared  that,  in  tha 
high  nitrogen  alloys,  tha  carbides  had  nucleated  on  smaller  particies  rich  in  Ti  and 
probably  TIN  or  T1CN,  Pig  4.  Tha  results  of  subsequent  experiments  hava  shown  that  the 
stress-rupture  properties  of  tha  alloys  with  high  contents  of  nitrogen  were  largely 
restored  to  those  of  the  undoped  material  by  a  HIP  treatment.  Pig  5.  Taken  together 
these  results  would  appear  to  confira  that  the  inferior  parforaanca  of  revert  alloy  can 
be  mainly  attributed  to  the  Increased  alcroporosity  associated  with  the  higher  content 
of  nitrogen. 

Earlier  work  on  virgin  aelts  of  IN100  (15,14)  also  showed  that  high  nitrogen  contents 
gave  lncroased  alcroporosity  and  that  Ti  reacted  with  the  nitrogen  to  fora  nuclei  of 
Ti(CN).  Proa  one  of  these  investigations  (18)  It  was  oropoaed  that  contents  of  nitrogen 
and  oxygen  should  each  be  Halted  to  15  ppa  in  IN100.  Further  evidence  to  Indicate  that 
nitrogen  content  can  influence  the  aorphology  of  NC  carbides  in  IN100  has  been  provided 
by  Laaberiqts  (17)  and  it  was  shown  that  in  soae  cases  the  carbide  particles  were 
enriched  in  TI.  However,  It  should  be  noted  that  there  Is  evidence  that  the  shapes  of 
the  carbide  particles  in  superalloys  can  also  be  influenced  by  cooling  rate  froa  the 
casting  teaperature  (18,19).  Also,  while  it  Is  well  known  that  carbon  content  can 
Influence  the  isount  of  alcroporosity  (20,21)  there  Is  no  evidence  of  significant 
variations  in  content  of  this  elesnnt  between  virgin  and  revert  aelts. 

Revert  material,  especially  that  originating  from  the  directional  solidification 
process,  often  contains  an  Increased  aaount  of  silicon  within  the  specification  Halt 
(usually  0.2*  aax.)  set  for  the  lndlvlduel  alloys.  At  higher  concentrations  (5)  SI  Is 
known  to  be  deleterious  to  aechantcal  properties  largely  through  the  stabilising  of 
Laves  phases  although  It  Is  claimed  that  high  Si  contents  Improve  oxidation  resistance 
and  weldability.  The  Influence  of  Si  between  0.1  and  0.9*  on  the  alcroatruture  and 
properties  of  a  high  strength  wrought  alloy  has  been  considered  by  Nang  et  al  (22). 
Seductions  In  tensile  strength  and  In  ductility  were  attributed  to  changes  In  the 
amounts,  types  and  aorphology  of  carbides  and  in  particular  to  the  foraation  of  a 
continuous  flla  of  N.C  at  the  grain  boundaries.  Study  (13)  of  the  effect  of  a 
deliberate  addition  of  SI  (0.18*)  to  Nar  N002  showed  a  substantial  decrease  In  porosity 
and  an  Increase  in  the  aaount  of  a  Nl-Hf  interaetalllc  which  also  contained  SI  and  Ir, 
Pig  8.  This  phase  was  taken  Into  solution  at  1I00°C  and  It  was  suggested  that  the 
reduction  in  porosity  was  due  to  the  feeding  provided  by  this  low  aelttng-poi  it 
constituent.  It  eppears  that  the  major  Influence  of  Si  aay  be  In  increasing  the  voluae 
fraction  of  the  Nl-Rf  Interaetalllc  and  in  the  work  of  Burke  (24)  the  presence  of 
lereer  amounts  of  this  phase  was  correlated  with  the  Increased  tendency  to  hot  tearing 
during  the  directional  solidification  of  revert  Nar  N200  ♦  if.  The  foraation  and 
thermal  stability  of  Nl.Nf  in  soae  superalloys  has  been  discussed  in  soae  detail  by 
Vunrong  and  Tulin  (21). 

Although  there  Is  little  evidence  to  suggest  that  the  content  of  Ir  Is  Increased  during 
recycling  this  element  reaalne  a  potential  contaminant  In  revert  alloy.  Recent  work  by 
Radavltch  (25)  has  shown  that  deliberate  addition  of  Ir  to  s  complex  Hl-base  eltoy 
resulted  In  a  serious  deterioration  In  stress-rupture  performance.  The  life  to  rupture 
was  reduced  from  105h  in  the  base  alloy  with  no  deliberate  addition  of  Ir  to  10b  when 
0.15*  Ir  was  presant  and  this  was  accompanied  by  an  l  net  mass  in  alcroporosity  and  by 
changes  In  carbide  morphology,  tr  has  traditionally  been  regarded  as  a  beneficial 
addition  in  alloys  (5)  of  this  type  end  further  work  is  clearly  necessary  to  establish 
the  generality  of  thesa  findings.  Preliminary  work,  by  the  present  authors,  with  the 
deliberate  addition  of  0.1*  tr  to  Nar  N002  snows  little  ohange  in  tha  stress  rupture 
properties  at  7*0°C  cowered  to  tha  base  alloy.  It  should  be  pointed  out  that  the  use 
of  recycled  material  in  the  ceeting  of  single  crystal  parts  will  give  rise  to 


particular  probleae  alnca  eleaents  auch  aa  carbon,  nitrogen  aillcon  and  slrconlua  which 
will  b«  pickad-up  during  otocessing  ara  not  praaant  aa  dallbarata  add  It  Iona  In  tha 
virgin  aatarial  127). 


INFLICATIONS  FOR  FOUNDRY  FRACTICS 

Thar#  appaar  to  ba  two  principal  altarnativaa  available  to  enable  recycled  Nl-Cr-baee 
alloya  to  ba  uaad  ef (actively  In  tha  casting  of  coaplaa  parta  tor  gas  turbine 
applications.  Thaaa  arat 

(1)  tha  aodiflcation  of  tha  alloy  coapoaition  during  raaalting 
to  raatora  tha  alnor  alaaant  content  to  that  of  the  virgin 
alloyi 

(11)  control  of  tha  InvestaMnt  caating  condition#  to  enable  revert 
alloy  to  ba  uaad  to  produce  caatinga  watching  in  aoundneea 
and  aechanlcal  propartlaa  those  obtained  with  virgin  atock. 

Searing  In  alnd  the  difficulties  described  In  controlling  the  content  of  eleaents  such 
aa  nitrogen  and  silicon,  option  (11)  above  appears  tha  amre  attractive.  Soae  support 
for  this  view  la  provided  by  the  observation  that,  despite  the  general  difficulties 
encountered  in  using  recycled  auperalloy  notarial,  there  are  certain  foundries  that 
dale  to  be  able  to  cast  with  high  revert  ratios  and  produce  sound  castings  In  coaplet 
shapes.  This  esper lance  encourages  the  belief  that  adjustment  of  features  of  the 
casting  process  Itself  can  have  an  important  Influence  on  the  soundness  of  components. 
It  la  well  known  that  casting  conditions  can  be  controlled  to  yield  products  with  low 
levels  of  aicropotoalty  and  evidence  has  bean  presented  to  show  that  low  aould 
taeperaturea  can  result  in  increased  nuabers  of  alcroporas  (14,26).  However 
aicropotoalty  can  also  be  encouraged  by  slowing  down  the  cooling  process  by  using  anuld 
backing  and  Increased  pouring  teaperatures  (26).  Consideration  of  these  apparently 
contradictory  findings  has  led  to  the  suggestion  that  optlaua  casting  conditions  will 
eslst  between  fast  and  slow  cooling  rates  which  will  give  saall  aaounts  of  evenly 
distributed  aicropotoalty.  Other  workers  (14)  have  suggested,  on  the  basis  of  creep 
test  results,  that  pouring  teaperature  has  an  Influence  on  the  perforaance  of  blades  in 
Nar  N002  cast  froa  revert  aster ial.  It  appears  that  detailed  studies  of  tha 
relationship  between  casting  conditions,  solidification  structure  and  alcroporoaity 
have  been  carried  out  for  directional  solidification  (26)  but  not  f.  r  conventional 
caating,  and  lnforaation  of  this  type  would  undoubtedly  aid  In  deteraining  the  optlaua 
casting  conditions  for  recycled  alloy. 

The  technique  of  'cross  blending*  as  aentloned  in  a  recent  paper  by  de  Barbadlllo  (4) 
aay  provide  an  opportunity  for  avoiding  soae  of  the  foundry  probleas  associated  with 
the  high  nitrogen  content  of  revert  alloy.  The  esaaple  aentloned  was  tha  use  of  scrap 
IN7U,  which  contains  niobiua  but  no  cobalt,  along  with  scrap  IN100  which  contains 
cobalt  but  no  nloblua  to  aelt  IN736  which  contains  both  elsaents.  The  advantage  froa 
the  point  of  view  of  nitrogen  content  Is  that,  even  in  the  virgin  aelts  the  aaount  of 
nitrogen  present  In  the  htgh-Cr  alloy  IN736  is  substantlslly  greater  than  that  reported 
for  revert  IN100.  In  this  way  valuable  scrap  could  be  recycled  without  prejudicing 
foundry  perforaance. 


CONCLUSIONS 

1.  Specifications,  agreed  between  custoaer  and  supplier  are  adequate  for  the 
control  of  eetalloid  -  type  lapuritles  in  recycled  aaterials  but  improvements 
are  required  for  eleaents  such  as  osygen,  nitrogen  and  silicon. 

2.  Natlonsl  stsndsrds  sre  generally  inadequate  for  tha  control  of  lapuritles  In 
superalloys  and  there  is  scope  for  revision  to  take  account  of  available 
information. 

1.  Control  of  melting  practice  and  selection  of  rsw  aaterials  offer  soae 

opportunity  for  limiting  the  nitrogen  and  osygen  content  In  virgin  aelts  whereas 
scrap  selection  and  cross  blending  appear  to  be  the  best  possibilities  for 
revert  alloy. 

4.  Increased  nitrogen  contents  are  associated  with  changes  in  alcrostructure  and 

increased  alcroporoaity  In  Nar  N002  but  the  nuaber  of  alcroporas  can  be  reduced 
and  the  creep  perforaance  restored  by  an  increased  silicon  content  or  by  a  HIP 
treatment. 

6.  Further  studies  of  the  relationship  between  easting  conditions,  solidification 

structure  and  wicroporoelty  are  required  to  provide  s  basis  for  optimising  the 
casting  conditions  for  revert  alloys. 
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I  British  Standard)  Aarospace  Series  Specification  for  Nickel 

base  cobs  It -chronl un-alum in lun-t ltanlun-molybdenun  alloy 
cast ings  (Co  15.0,  Cr  10.0,  A1  5.5,  T1  4.8,  Ho  3.0)  HC204: 

February  1973 

II  Specification  for  Investment  Castings  In  metal  Part  3. 

Vacuum  melted  alloys,  Type  VMA  12.  BS3146)  1976. 

III  Hochwarmfeste  Nickel-Gu-Lelglerung  0. 2C-1 5Co-10Cr-6Al-STl-3Mo  IV 
Nerkstof f-beistungsblatt  2.4674,  March  1981. 

IV  Alloy  Castings,  Investuaent,  Corrosion  and  Heat  Resistant. 

50  Nl-9.5Cr-15  CO-3.0MO-4.8  Ti-5 . 5AI-0 . 0 1 5B-0 . 95V-0 .6  Ir. 
Vacuum-melted,  Vacuum-Cast.  A.M.S.  5397A,  Issued  1965, 
revised  1977. 
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ATMOR  designation  number  NK  15  CAT,  Association  Prancaise  de 
Normalisation. 
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arbitrary  units  arbitrary  units 

(a)  (b) 

Figur*  t  Microporosity  in  biad*s  cast  from  (a)  virgin  and 
(b)r*v*rt  Mar  M002.  Hatching  shows  th*  *ff*ct 
of  H  t  P  (1200'C fAh/tOOO  atmosph*r*s)  No  porosity 
was  obsvrvtd  in  th*  HIP  p*d  virgin  mat*rial  (aft*r 
Viatour  *t  alu) 


Figure  2 


Flqure  4.  Titanium  rich  centra*  in  the 
‘carbide**  of  Mar  M002  doped 
with  50  ppai  nitrogen. 


Ni-Hf  rich  phase 


Figure  4 ■  Nickel -Hafnius  rich  phase  containing 
tlrconlua  and  silicon  In  Mar  N002 
with  0.14  wt  I  Silicon. 


20-1 
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RESUME  :  tat  lot*  d'alliagax  IN  100  "viarga"  at  “racycld”  ont  4t4  adlact  tonndc  par  deux  fonder  let  auropdannaa 
da  aioeralltagea  (recherche  europdenne  concartda).  L 'dtuda  da  laboratoira  viaa  d  Intarprdtar  laa 
tandancaa  plua  aarqudaa  k  la  alcroporoattd  nctdaa  par  laa  fondeurt  dana  la  caa  daa  lota  racyclda 
an  tarpa  da  ddroulaaent  da  la  tol idlf ication. 

I'analyaa  tharaiqua  diffdrentielle  na  aontra  paa  d'dcarta  dana  laa  taapdraturaa  carte tdrittiquet  da 
(a  act Idlf Icat ton  autraa  qua  callaa  iaputablea  aux  Idgdraa  varlatlona  da  coaeoattion. 

La  trappa  an  court  da  aol idlf teat  ion  dirtgda  par  aat  la  naaura  da  Br*ndaura  aorphologiquea  rdgtaaant 
la  circulation  du  liquida  dana  la  rona  pdtauaa  vanant  coapanaar  la  ratrait  da  aolidif ication.  Paa 
diffdrancaa  da  cindtlqua  da  precipitation  daa  phaaaa  aolidaa  aont  obaarvaPlaa  antra  atttagea  viarga 
at  racycld. 

Laa  rdaultata  prdl lalnairaa  d'una  dtuda  concarnant  I'alliaga  Far  N  002  aaront  dgalaaant  prdaantda. 

I  -  INTRODUCTION 


La  Nicraporoaita  aat  un  ddfaut  da  fondaria  dont  I'origina  aat  an  gdndral  attritouda  k  un  ddgageaant 
da  gat  lora  da  la  aol idi f icat ton  ou  k  u na  aliaantation  inauffiaanta  an  liquida  pour  coapanaar  la  ratrait  da 
aolidif ication. 

Dana  la  caa  daa  auparalttagaa  k  baaa  da  ntckel,  la  pratiqua  du  racyclaga  antral na  uno  augaontation 
da  la  alcroporoattd  1 1  !  at  una  ddtdrioration  daa  propridtda  adcaniquaa  daa  pidcaa  couldaa.  Laa  autraa  prdaen- 
tationa  da  cat ta  aaaaion  aont  d'aillaura  an  partia  conaacrdaa  k  catta  ddgradatlon  du  aatdriau. 

Laa  orlglnaa  da  catta  ddgradatlon  aont  aouvent  attribudaa  d  l' augaontation  da  la  tanaur  do  I'alliaga 
an  tapuratda  at  parai  cellea*ct,  c'aat  I'atota  qui  aat  la  plua  aouvant  citd.  La  racyclaga  a'accaapagna,  an 
gdndral,  d'una  augaontation  da  la  tanaur  an  orota  da  qualquaa  ppa.  La  tanaur  critiqua  paraottant  la  racyclaga 
aarait  da  I'ordra  da  20  ppa  ;  au  dald,  la  tau>  da  rebut  daviandrait  axcaaaif  C 2 1 . 

Una  dtuda  coaparativa  da  laboratoira  a  dtd  conaacrda  k  la  aolldification  do  auporalliagoa  adronau- 
tiquaadatypa  IN  100  at  Far  F  002  vlargaa  at  racyclda.  La  adlaction  d'un  “bon"  alliaga  viarga  at  d'un  "aauvaia" 
alliaga  racycld  a  dtd  affactuda  aur  ta  baaa  da  contrSlea  aierographiquea  ou  radiographiquaa  da  la  aicroporo- 
aitd  ou  aur  la  baaa  d'oaaaia  da  f luaga-ruptura  k  hauta  taapdratura.  La  prdaanta  dtuda  a'inacrit  dana  la  cadra 
d'una  recherche  concartda  europdenne  COST  SO  aaaociant  daa  induatriala  at  daa  laboratolraa  anglaia,  balgaa 
at  francaia. 

Catta  dtuda  coaparativa  fait  aaaantiallaaant  appal  d  daux  technique*  do  laboratoira,  I'analyaa 
tharaiqua  dif fdrantialla  at  la  traapa  da  la  tana  pdteuae  aol Ida/ liquida  an  court  da  aolldification  dirigdo, 
pour  aattra  an  dvtdanca  dot  diffdrancaa  au  nlvaau  du  ddroulaaant  da  la  aolldification  at  tantar  d'interprd- 
tar  la  dtffdranca  da  tandanca  d  la  foraation  da  oicroporoaltda  conttatda  an  fondaria. 

Paa  daux  orlglnaa  lot  plua  frdquftnt  citdaa  da  la  oicroporoaitd  :  ddgagaaant  da  gax  at  difficultd 
d' aliaantation  an  liquida  du  ratrait  aaaocid  d  la  aolldification,  c'aat  aur tout  la  aaconda  qui  a  ratanu  notra 
at t ant  ion.  Laa  raiaona  da  ca  choti  aont  la  localiaation  prdfdrant iatla  daa  ddfeutt  dana  daa  rone*  porauaaa  d 
tax  lure  dandritiqua  pouvant  attaindra  prda  da  1  ■  da  diaanaion  at  lot  rdaultata  d'una  dtuda  prdliainaira  aur 
la  coaportaoant  tharaochiaiqua  at  aur  I'analyaa  da  I'aiota  eontanudant  l 'IN  100. 


2  -  RRAITSE  ET  COWFORTEFENT  TRCSHOOilFlqUE  DC  L ' AZOTE  DANS  L' IN  100 


La  odthoda  analytiqua  ratanua  aat  I'axtraction  da  l'a«ata  par  fuaion  rdductriea  da  I’alliaga  an 
crauaat  da  graghita  chauffd  par  induction  at  antralnauant  par  un  c our ant  d'hdliuo  auivl,  dana  una  dauaidaa 
dtapa,  par  un  doaaga  an  chroaatographia  an  pbaaa  garauae. 

La  variation  an  fonetton  da  la  taapdratura  da  la  tanaur  analyada  aat  iaportanta  <Hg.  V.  On  paut 
aattaar  ainat  la  tanaur  an  aiota  aaprlaemd  aoua  form  da  gai  dana  laa  poraa  d  aoina  da  1  ppa,  ca  qui  raprd- 
aanta  an  taraa  da  voliaa  una  faibla  proportion  da  la  aloroporoaltd.  L'axtractian  tatala  da  I'atota  (gataux, 
d 1  a aoua  at  coabind)  n'aat  obtanua  qu'd  partir  da  2000*C  anuiron,  aaia  alia  pout  dtra  fact l it da  par  l 'addition 
da  tiara  dldaanta  j  du  platina  an  I'ocauranca. 


Laa  calcula  theraochioique*  prdllalnairaa  ont  port#  aur  laa  dquilibraa 

TJ,  ♦  N  •  TIN  (a)  |1| 

at  a  •  1/2  N}  <g>  |2| 

tla  candu leant  d  aattaar  la  taapdratura  da  prdcipitatian  daa  nitruraa  TIN  dana  I'aUiaga  IN  100 
litptida  d  MOO  K  at  d  arapooor  la  ralatian  auivanta  antra  la  praaaian  d'dqui libra  d'atata  at  ta  to 
auata  di  laaua  t 

\  1*1 


20-2 


•ten  qu'obtonui  h  parttr  4'un  anaeattla  da  donrtlet  theraocht liquet  trhi  tncoaplet,  ce»  rktultatl 
da  calculi  font  an  bon  accord  a  vac  la  coma  1 1  lane*  da  la  itebtlltl  da  I'axota  eonblnk  at  dfnoui  dddulta  dal 
rliultati  eipdrtaantaui.  La  falble  valaur  da  la  pranlon  d'lqufllbri  da  I'atota  dant  lai  luperalHegei  peraet 
da  coaprendrt  la  lantaur  da  la  clndtlqua  da  I'eatractfon  pandant  la  futlan  rdductrfce. 

Una  etude  theraochtatque  at  clndtlqua  da  la  ddnltruratlon  at  la  dlaonydatlon  dai  balm  d'alllagai 
k  bail  da  nickel  att  an  court  k  I'tcola  dai  Ntnei  da  Nancy  at  k  I'Ecola  d'Electrochtate  da  bramble  pour 
ddtaralnar  avac  plul  da  prdclllon  lai  donndai  theraochfaf quel  relatival  k  l ' Interact  Ion  da  I'atota  at  da 
l‘o>yglne  avac  lai  dldaanti  conitttutffi  da  I'alllaga  Hqulda  [51. 


3  -  CONSIDERATIONS  THCOKIQUES  SDR 


POROSITE  DC  RETRAIT 


Lai  Mjparal l lapai  ta  contractant  k  la  tolfdlf feetton.  bu and  la  fraction  toHde  ddpana  0,7  environ, 
I'alfaentatfon  an  Hqulda  pour  coopaniar  la  retral*  na  pout  ia  fif-t  qua  da  facon  caplllalra  k  travan  la 
rlieeu  Intardandrltlqua  ou  Intergronulaf re. 

Un  pora  (vlda  ou  contanant  du  gar)  paut  ia  ddva topper  quend  ta  pranlon  Interna  P(nt  alt  lupdrlaura 
k  la  i oopi  da  la  pranlon  locale  du  llqulda  Pj  at  la  pretifoh  due  aua  forcal  caplllalrai  P-. 


La  pranlon  Interna  att/dani  la  cat  du  dlgageaent  d'atota  dani  lai  condttloni  da  I'lqul  lfbr*,reltle 
k  la  tanaur  !  t  N_]  dant  la  llqulda  rdilduat  par  l  'equation  |5|. 

La  prettlon  locale  ait  d'autact  plui  rkduite  qua  la  parte  da  charge  aitoclka  k  la  circulation  du 
Hqulda  dant  ta  tone  pkteuie,  V,  att  laportanta  : 

,JI 

ou  PQ  ddtlgne  la  pranlon  aaterlaura  at  *m  la  praitlon  adtal loitat Iqua. 

bant  m  alllau  poraut,  la  parta  da  charge,  deni  la  nature  ou  la  lot  da  barcy  I'appltque,  varla 
talon  la  relation  lu tv  ante  : 

grad  AP  ■  £  I  |6| 

ou  v  dditgna  ta  vltaiia  d'lcoulment  du  ftutde,  u  ia  vticoittd  at  k  la  peradabl lit!  du  rbteau 

poreuk. 

La  peradmllltl  du  rktaau  ait  raltka  aua  peraaktrai  norphologtquai  da  l' Interface  toltde/Hqutde  : 
fraction  f*  at  turfaca  d'  Interface  tollda/llqulda  o*  Lai  ralatloni  dddultei  toft  da  aodblei  hydrodynaatquei, 
aolt  da  natural  tor  dai  rdiaaua  dandrltlqoai  natal l fquei  ou  organlquai  [*J[7]  tont  <Ai  typo  :  k  "v  (ft)  pour 
una  danittk  da  dondrltai  prtnatrai  donnle,  at,  da  facon  plui  gdndrale  : 

u  .  Hill  in 


La  vltaiia  d'dcoulenent  du  llqulda  v  at  la  clndtlqua  da  foreetfan  du  loltde  pauvant  btra  ralldai 
par  l  'eiprenton  locale  du  btlan  da  nail a  : 

♦  dlv  p*  v  •  0  1 1  ( 

aott,  dani  (a  aaiaa  oil  o *  at  pl  tont  Independent!  da  la  taopdratura  at  da  la  conpoiltlon  dant  I'lntervalle 
da  loHdtftcatton  :  ,, t 

6  ♦  dlv  v  »  0  |b| 


ou  9  •  (o*  *  0l)  /  ol  ait  la  contraction  lori  do  la  Mltdlf feat  fan. 


La  ctndtfq/a  da  foroatton  du  lot  Ida  ait  alii  nbni  rdgta  par  la  bt  lan  thamfqua  dont  I'aapraiifon 
dtffdra  da  cal la  du  btlan  da  naaaa  k  coum  da  (a  generation  Interna  da  cheteur  latanta  da  lolldf fleet  Ion,  N  : 


oil  a  at  c^  dditgnant  raapoct  Ivaaant  la  dtffuitvttb  t  ham  (qua  at  la  capecftd  calorfqua  da  I'alllaga. 

Lai  equation!  |*|  at  |10|  parnattant  d'dtabltr  la  relation  lutvanta  antra  laa  dlvargancai  du  f lua 
thamfqua  at  du  f lua  da  llqulda  <  _f 

dlv  C  •  o.  (  .  ip-  [l  -  |  .1*  T  |11| 

La  catcut  du  cheap  dot  v( tenet,  puli  catuf  del  portal  da  c large  ,gr bee  k  (’equation  |d|,  ndceaalta 
done  la  calcul  du  cheap  daa  taapdraturai  at  la  tomaliitnca  du  ddraulMent  da  La  mltdlf f latlon. 


La  cheap  dot  taapdraturai  pour  ipia  plkca  da  fanderta  dannda  pant  btra  calculi  par  dai  akthodat 
madrlquat,  aua  dlff Irene  at  f  Inf  at  ou  aua  II  lain  1 1  ftnli  [7X11,  ou  par  daa  adthadii  analytfquoi  dana  la 
cat  do  la  Mltdlf  l  eat  lan  dtrtgle  [Sltf]. 


•ana  netro  Ituda  taaparatlva  da  la  tandanca  I  la  aliraparaittl  d'alllagai  vlarga  at  racycll,  noua 
avani  luppail  qua  laa  Hgtrn  aadf f ftatlana  da  aaapoaltfana  chtatquaa  dbai  an  rotytlagi  n'antratnalant  qua 
daa  nadtf leaf  tana  nlgltgaahlaa  daa  chaapt  t  karat  met  |  type  da  pflaa  da  fanderta  at  aandftfana  da  caulla 
fdanttquoa.  Naua  naua  Manet  danc  attaahla  I  ait  loir  aval  prlafalan  lea  tanadquaneae  daa  aadf  f fcattom 
chtatquaa  da  I'alllaga  aur  la  dtrauliaant  adtallurglqua  da  ia  aalldl fleet lan  caraaterfad  par  i 

*  un  poranltre  eorphalaglqua,  la  pamlahtlltl  <fl)  '/a*  ^ 

•  tat  paraaltra  clndtlqua  da  ratralt,  $  .  pragart  lanital  I  la  contract  fan 

da  la  una  pbtauaa  at  I  la  vltaaaa  da  ref refdlaaaaenc  fnatantanlo. 

tea  daua  grandaun  jauant  an  aflat  un  rbia  prlvtllqie  dane  ta  aontrbte  da  la  ctriulattan  du  llqulda 
au  alllau  da  la  tana  pbtauae  aaaaa  la  aantrant  raapaittvaaant  lea  Iquettane  |b|  at  |f|  d'una  part/  I'lquatfan 
|lt |  d' autre  part. 
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«  -  TCCXWlqUCS  CmgngHTAlES 

On  "bon"  alllag*  vlarg*  at  on  "aauvaU"  alltag*  racycld  ont  at*  adlacttonnds  par  tat  fondarla*  da 
auparalltagaa  partenafras  dana  la  prograaa*  COST.  las  astdrlaux  aa  prdaantant  too a  forma  da  rondallat  ddcou- 
pda*  au  alllau  da  llngottns  ou  da  "carottaa". 

Una  dtude  aacro  at  alcroacopfqu*  toaaalr*  dat  eltlegas  aontra  una  to na  dqulaaa  plua  laportant*  dana 
la  caa  da  ('allfag*  recycle,  laa  grain?  *tant  plua  fins  Qua  dana  I'alllaga  vlarg*.  Una  dtud*  adtallographtqu* 
plua  flna  da  caa  aatdrfaux  tat  rdatlsd*  par  laa  autraa  laboratotraa  partanalraa. 

La  tanaur  an  dldaants  aajeura  differ*  pau  at  paral  laa  lapuratd*  c‘aat  aur tout  la  tanaur  an  azota 
duf  augeanta,  an  doublant  pratfquaoant  (TabUau  1). 

L'analyaa  t^haralgua  differential la  a  at*  affactud*  *  different**  vttaaaaa  da  chauffag*  ou  da  rafrol- 
dt  aaaaant  iFigZ  2)~  Laa  7*ap?r*turts  da  prlclpltatlon  aont  obtanuaa  par  aztrapolat Ion  *  vftaaaa  nulla  daa 
quatra  ou  cinq  valaura  dana  un  dlagraae*  taapdretura/vf tasa*  (Fig.  J).  La  valtdftd  da  catta  procedure  a  *t* 
dteblf*  aur  la  llqutdua  daa  a*tau»  pura  nickel  at  or. 

La  tfaap*  d*_la  *one_pdt*us*  an  coura  da  solidification  dlrlgda  oat  affactud*  aoua  argon  ou  aout 
vlda.  La  aftel- conTanu- dan*  un  tuba  3'alualn*  aat  chauffd  par  Induction  at  rafroldl  d  aon  axtrdaltd  tnfd- 
rtaura  par  una  circulation  d'aau  (Fig.  4).  La  vltaaaa  da  tlraga  aat  conatanta  at  la  traapa  n’aat  ddctanchda 
qu'aprda  tlraga  d‘i«ia  longuaur  aufflaanta.  La  vltaaaa  da  traapa  (da  I'ordra  da  10  k/a>  paraat  da  flgar  I1 Inter¬ 
face  aollda/llqulda. 

dprda  traapa,  la  barraau  aat  d'abord  aactlonnd  langltudfnaleaant  at  poll.  La  ropdraga  daa  taapdra- 
turaa  aa  fait  *  partfr  da  l ' anrag l at raaant  du  profit  tharalqua  pandant  la  aolldlf Icatlon.  L'dcart  antra  la 
taapdratura  correspondent  au  aoaaat  daa  dandrltaa  at  la  llqutdua  (A.T.D.)  aat  falbla  (Fig.  S).  La  oaaura  da 
la  fraction  llqulde  f"  at  da  la  aurfaca  apdcfftqua  d’lntarfaca  o  aont  obtanuaa  d  partfr  daa  aactlona 
tranavaraalaa  aprda  pollaaaga  at  attaque  tailing.  Coaua  laa  analysaura  autoaattqua*  d'faagoa  na  pauvant  paa 
dlffdranciar  la  atructura  da  traapa  da  calla  da  la  aolldlf Icatlon,  It  aat  ndcaaaalra  da  radaaalnar  aur  paplar 
cal  qua  I'lntarfaca  photograph!**  d  un  groaaf  aaaaant  23  (Fig.  SI.  L'anatyaaur  d'faagaa  du  typa  7.A.S.  calcula 
(aa  grandaura  •orpbologfquea  fl  at  a  par  una  auccaaalon  d'opdratlona  aorphologlquaa  aur  taag*  dlgltallada. 

On  astla*  d  t  0.03  la  prdclalon  aur  f*  at  d  20  X  la  prdclaton  ralatlva  aur  o. 

II  aat  certain  qua  laa  atructuraa  beealtlquea  obtanuaa  par  traapa  •  coura  da  aolldlflcatlon 
dlrlgda  na  aont  paa  dlractaaant  coaparablaa  au>  atructuraa  habitual laaant  dqulaxaa  obaorvablaa  dana  laa 
pldcaa  obtanuaa  an  fonderfe  da  prdclaton.  It  aat  cartafr  par  attlaura  qua  laa  condttfona  da  raf roldlaaaaant 
du  adtal  aont  dlffdrantaa.  In  fondarla  dqulaaa  da  pldcaa  da  typa  auba,  la  gradient  tharalqua  aat  an  gdndral 
plua  falbla,  alora  qua  la  vltaaaa  affective  da  crofaaance  du  aoltde  aat  plua  forte  (du  faft  du  noabr* 
dlav*  da  gratna)  qua  laa  valaura  correapondantea  fapoadaa  an  aolldlflcatlon  dlrlgda.  La  taapa  local  da  sott- 
dl ft  cat  ton  (Tl  -  Tsl/(0.v).  da  I'ordra  da  1300  a  (pour  (*IN  100)  dana  laa  condttfona  laa  plua  frdquoaaont 
uttttadaa  dana  catta  dtude,  aat  an  gdndral  aupdrfeur  aux  taapa  aaaurdt  an  fondarla  [7],  Cacl  aa  tradult  au 
niveau  da  la  alcroatructure  daa  allfagea  aolldlffda  par  una  tallla  plua  laportanta  da  I'aapacaaant  Inter* 
dendrlttque  aacondatra  at  daa  carburaa  par  rapport  aua  condttfona  fnduatrlellea.  Nalgrd  caa  dfffdrancaa 
laportantaa  antra  la  atructura  du  adtal  could  an  fondarla  at  calla  du  adtal  traapd  an  coura  da  soltdtflca- 
t ton  dlrlgda  (T.J.O.),  la  technique  do  T.S.O.  paraat  da  rdvdler  daa  dfffdrancaa  aorphologfquea  (fl  at  a) 
at  daa  dtffdrencea  cfndtlquea  (df»/d1)  antra  allfagea  *  condttfona  da  rafroldl aaaaant  Idantlquaa.  La  poatulat 
da  catta  dtude  aat  qua  laa  dfffdrancaa  obaervdea  let  an  aolldlflcatlon  dlrlgda  correapondant  d  d as  dfffdren* 
caa  analogues,  a (non  Idantlquaa,  affactfvaa  pandant  la  solidification  dqulaaa  daa  pldcaa  couldoa  an  fondarla 
da  prdclalon. 

5  -  HCSHmS  EK7CTWEKTMIX 

3.1.  Iml^w  UwrUju  dlfftmtlcllt 

Laa  taapdraturaa  da  llqutdua,  da  formation  daa  carburaa  prfaelres,  da  prdclpltatlon  eutectlqua  y/y' 
at  da  aolldua  aont  reportdea  aur  la  tableau  2.  Las  falbla*  dtffdrencea  not*as  antra  alllag*  vlarg*  at  racycld 
pauvant  •' Interpreter  an  f one t Ion  daa  falbla*  dlffdranca*  da  coapoaftton  at  daa  variations  correapondantea 
da  la  taapdratura  da  llqutdua,  aatladaa  aqptrlqu— nt  d  partfr  da  la  ferqul*  da  Cook  at  Suthrl*  CIOKcatt* 
faraula  no  tlant  paa  coapt*  da*  tanaur*  an  Ipiuratda  daa  allleg**).  L'lntarvall*  da  aolldlflcatlon 
aat  da  I'ordra  da  73  K  pour  I'alllaga  vlarg*  at  da  *0  «  pour  I'alllaga  racycld. 

La*  tharaograaaaa  das  alllagaa  IN  100  aont  rant  parfols  daua  pic*  carburaa  distinct*,  c*  phdnoadne 
t sable  plua  frdquant  pour  las  alllag**  racycld*. 

3.2.  Nlcroatructux#_<1*  aoUdlf  LeatLon_unldlr*ctlonnalle 

L'analyaa  aorphologfqu*  da  la  structure  dandrltfqua  a  dtd  affactuda  aur  trot*  barraau*  (dau*  dlabo- 
rda  a  partfr  da  I'alllaga  vtarga,  in  d  partfr  da  I'alllaga  racycld). 

L'dvolutlon  da  la  fraction  liquid*  fl  an  f one t Ion  da  la  taapdratura  aontra  una  rupture  da  pant* 
correapondant  a  la  prdcfpttatlon  da*  carburaa  environ  20  K  sous  ta  llqutdua.  dan*  catta  representation,  f‘ 
aat  plua  falbla  dan*  la  caa  da  I’alllaga  racycld  (Fig.  t)  i  l'dcart  aa^t*  algnlfteotlf  au  vu  do*  prdclalon* 

•at l ado*. 

La  aurfaca  apdclflqu*  d'lntorfaca  o  prdaanta  daa  evolution*  trda  prochaa  pour  laa  trot*  alllagaa, 
avac  tat  aaalat*  d  f*  ■  0,*S  (Fig.  7),  alar*  qua  la  valour  Iddal*  pour  la  contact  da*  apbdra*  aaratt  da  0,7 

11  ddcoul*  da  caa  rwaparelaona  qu*  la  paradabllltd  apdclflqu*,  («l) '/a*,  aat  aupdrlaura  pour  un 
ala*  dcart  do  taapdratura  d  la  taapdratura  da  llqutdua  dan*  la  caa  da*  alllagaa  vlarg**  (Fig,  SI.  In  fait, 
catta  ragrdaantatlan  conduit  d  tlror  da*  cone lull  on*  Mtlvaa  at  It  aat  plua  Judicious  da  taaparar  la* 
alllagaa  d  un  adaa  *baaaln  tharalqua"  derail.  La  "baaaln  tharalqua"  au  quant ltd  da  chalaur  d  aat rat r*  pour 

paaaar  da  f '  •  *  d  f*  pout  dtra  aaprlod  par  ■ 

f •  N  ♦  *r  (Tt - T)  |lt| 


:<m 


Par  la  suits,  noua  avona  adopt*  una  valaur  da  3000  cal /aol#  pour  H  at  una  valour  da  10cal.aot*1  JC*' 
pour  c..  En  fin  da  solidification,  c'#*t-P-dlra  pour  dot  "baaolna  tharalquas"  da  plu*  da  2000  cal/aola,  la 
p#n*PabtlltP  da  la  atructura  dandrttfqua  da  aol Idtf teat  Ion  *  la  circulation  da  llqulda  aat  IPgPranant  »upp- 
rlaurt  pour  laa  pchantlllons  solldtflp*  *  partlr  da  I'atltaga  vlarga  (Fig.  » I . 


la  dauxlPaa  grandeur  contrfilant 
crolaaanca  du  aol Ida  : 


la  format  loo  da  la  alcroporoaltt, 

df» 

~3T  ‘ 


H  df*)'1 

■rfTr\ 


calla  HP*  *  la  dnPtlqu*  da 


a  at*  Calcutta  P  partlr  daa  courbaa  traepas  aur  la  figure  t.  Catta  grandeur,  qul  paraat  da  comparer  la  champ 
daa  vltaaaaa  d'Pcoulaaant*  <fcj  fluid*,  aat  an  p*n*ral  plua  Pl#vt#  dana  la  caa  da  I'alllapa  racyclP  (Fig.  10). 


laa  coaparalaona  prpsant##*  aur  laa  figurt*  9  at  10  lataaant  prPvolr  una  parta  da  charpa  plua  PlavP* 
pour  I'Pcoulaaant  du  llqutda  a  travara  la  atructura  da  aolldlf Icatlon  pour  I'alllapa  racyclP.  Caa  rtaultata 
da  laborstotr#,  plan  qua  l 'Peart  antra  laa  valaura  axpprlaantalas  coaparpa*  aol t  aouvant  du  ala*  ordra  qua 
laa  incartltudaa  attachPaa  aua  aasuras,  saablant  apportar  una  aipltcatton  da  la  propanaton  plua  aarqupa  P  la 
alcroporoaltp  pour  I'alllapa  racyclP. 


II  convlant  da  rppatar  catta  coaparalaon  aur  d'autraa  couplaa  d'alllapaa  at  auaal  da  a'tntPraaaar 
aua  phaaaa  olnauraa  qul  prpclpltant  P  la  aolldlf Icatlon,  laa  carburaa  aaaantlal laoant,  avant  da  conclura  P 
la  ppnPralltP  da  I'approcha  propoaPa. 


.  t .  CbaarvatLona  pur  1,  ^)r *<:  lpi^tat  Ion  daa  carburaa 

*u  court  da  catta  ptuda,  la  aorphologla  daa  carburaa  n'a  paa  PtP  PtudlPa  avac  autant  da  dPtalt 
qua  dana  laa  travaux  da  not  partanalraa  du  prograaa*  COST  SO  qul  concluant  P  una  aorphologla  plua  naaalva 
daa  carburaa  dana  I'alllapa  racyclP  (coulPaa  Induatrlaltaa). 

Pana  laa  aolldlflcatlona  dlrlgpaa  (T.S.O.),  la  tallla  daa  carburaa  approcha  10  pa  at  l aur  aorpho- 
logla  aat  "Basely*".  la  tallla  PlavPa  daa  carburaa  dana  laa  alllagaa  aolldlflPa  au  laboratolra  par  rapport 
P  calla  aaaurPa  dana  laa  pIPcaa  da  fondarla  aat  una  conapquanca  daa  dlffprancaa  dPjp  aantlonnPaa  antra  la 
fondarla  pqulaxa  at  la  aolldlflcatlon  dlrlpPa  au  nlvaau  du  p rad l ant  at  da  la  vltaaaa  du  "front"  do  aolldl- 
flcatlon  ( §  *). 

Pana  la  but  da  aavolr  al,  dana  laa  condltlona  du  laboratolra,  I'fnfluanca  du  racyclapa  aur  la 
aorphologla  daa  carburaa  n'Otalt  paa  aaaquPa  par  I'lnfluanca  d'lapuratPa  apportPat  par  I'arpon  au  coura  daa 
aolldlflcatlona  unldlractlomallaa  ou  par  la  cholx  d'una  vltaaaa  da  tlraga  crop  falbla,  da  noabrauaaa  T.S.P. 
ont  PtP  affactuPaa  an  variant  la  vltaaaa  da  tlraga  da  0,5  P  8  aa/an  aur  I'alllapa  IN  100  vlarga.  Cala  n'a  paa 
fait  aanalbloaant  varlar  la  frpquanca  da  format  Ion  da  carburaa  da  forma  PlancOa,  dlta  an  Pcrltura  chlnolaa 
(Fig.  SbJ.  La  paataga  da  la  aolldlflcatlon  aoua  argon  P  la  aolldlflcatlon  aoua  vldo  n'a  paa  non  plua  au 
d'affat  aanalbla  aur  la  alcroatructura  daa  carburaa.  Una  Ptuda  plua  flna  da  la  aorphologla  daa  carburaa  aat 
an  coura  pour  aattra  an  Pvldanca  una  Ovantualla  corrplatlon  antra  danaltp  da  at croporaa  at  aorphologla  daa 
carburaa  coaa«  cala  a  PtP  avancp  par  dlffpranta  autaura  (111. 

6  -  8ESULTATS  COMPlPtHTURCS  AVtC  O' MITRES  M.UPCES  IN  100  OU  War  H  002 

4.1.  »Ulmgmo_IN  100 

Una  Ptuda  avac  un  autra  coup l#  d' alllagaa  IN  100,  vlarga  at  racyclp,  aPlactlonnPa  par  una  dauxlPaa 
fondarla  da  auparalllagaa  aontra  laa  aPaae  variation*  au  nlvaau  das  courbaa  fl  (T)  antra  alllaga  vlarga  at 
racyclp  (Fig.  11'  qua  call*  dPJP  ala*  an  Pvldanca  tur  la  figur*  t, 

C*  dauxlPaa  ansaabl*  da  rPsultata  conform  I'hypothPs*  qua  la  tandanc*  P  la  alcroporoaltp  at  la 
fora*  da  Involution  an  f one t Ion  da  la  taappratur*  da  la  fraction  aolldlflPa  aont  Upas.  11  contort*  done 
llntorprPtatlan  thporlqu*  alapllflp*  qul  a  PtP  donnp*  an  tara*  d'Pcoulaaant  du  liquid*  dana  la  atructura 
dandrltlqu*. 

dual  aat  t*  aPcanlaa*  raaponaabl*  du  changaaant  d'allur*  daa  courbaa  f 1  (T)  aprp*  racyclapa  da 
I'alllapa  T  L'aiota  aat  I'PIPaant  la  plu*  "suapactP"  :  U  aat  auacaptlbl*  d'affactar  la  coapoaltlon  daa 
carburaa  [12)(13]  at  la  par  tag#  da*  PIPaantt  antra  aol t da  at  liquid*.  Un*  fol*  connu  la  coafflclant  da 
partag*  antra  liquid*  at  Oh**#*  solid**  <y,  carburaa)  at  la  relation  antra  la  taappratur*  at  la  coapoaltlon 
du  liquid*  P  I'Pqutllbra,  ll  aat  possible  da  calcular  ft  (T)  an  falsant  daa  hypothPaaa  aur  la  dlffualon  daa 
PIPaants  dana  la  liquid*  at  la  solid*  [SKIP].  P*  tala  calcul*  aont  an  coura  dans  la  caa  du  racyclag*  aala 
aucuna  conclusion  no  paut  ancora  Ptr#  avancp*. 

4.2.  hlU<ssa_N*r_N_002 

Paa  alllagaa,  vlarga  at  racyclP,  ont  PtP  aPlactlonnP*  at  ont  fait  I'objat  d'Ptudaa  da  laboratolra 
alallalras  P  call**  dpcrltas  pour  I'IN  100. 

La*  daua  alllagaa  PtudlPa  an  P.T.P.  at  T.t.O.  aont  trPa  pau  dlffPranclPa,  la*  courbaa  fraction 
liquid*  an  fonctlan  da  la  tsapPratur*  an  particular  sent  trp*  procha*  (Fig.  It).  Pan*  ca  caa,  on  n'a  pas 
da  grand#  dlffpranca  da  tendance  P  la  foraatian  da  aleraporoaltPa  aaaoelP*  au  ratralt  da  aolldlflcatlon 
antra  alllagaa  vlarga  at  racyclP. 

t  -  cacuatm 

Laa  technique*  da  laboratolra  utlllaPas  saablant  capable*  da  dlffPranclar  la  dProulaaant  da  la 
aolldlf Icatlon  d'tai  alllag*  racyclP  dans  la  caa  daa  IN  100,  aals  paa  dan*  la  caa  daa  bar  N  082.  (n  fondarla, 
I'aapprlanca  Industrial  la  seat  l  a  conclura  P  un*  aalllaura  adaptation  du  Nar  N  001  qua  da  I'M  140  au  racyclag*. 

tl  aaabt*  done  qua  laa  Ptudaa  da  laboratolra,  an  partlaullar  cal laa  da  la  aarpholagl*  d'lntarface 
a/I,  faumlaaant  un  Indie*  fldPla  da  la  tandanc#  p  la  al  crape  rail  tP  paur  daua  alllagaa  du  ala*  type,  aala 
dlffpranta  aaulaaant  par  la  fait  d'avalr  PtP  racyclP  au  nan.  L'lntarprgtatlan  appartPa  lei,  an  tame*  d'hydro- 
dynaalqua  dan*  la  aana  pdtauaa  an  fin  da  aol 141 fleet  Ian,  aaaplPta  call*  prapaaia  par  d'autro*  autaura  [IK  111. 
II  1 apart*  auaal  da  tenter  da  rapprachar  catta  IntarprPtatlan  da*  carrplatlana  alcrapargal tP/alcraatructura 
at  do*  rPsultata  d'analya*  da*  carburet  par  un*  aadPllsatlan  da*  rPactlan*  da  aolldlf laatlan. 
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TABLEAU  1  :  COMPOSITION  CHIMIQUE  DES  ALL I AGES 
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TABLEAU  II  :  VALEURS  NOYEMNES  KT  ECART  TYPE  (3  ESSAIS)  DES  TEMPERATURES 
CARACTERISTIOUES  DE  L'IN  100  PREMIERE  SERIE 
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Le  recyclege  des  chutes  de  fonderte  ne  te  Justlfle  pes  unlqueaent  per  1* 
crelnte  de  difficult**  d'approvlslonneaent  en  natldres  proaldres  adtelllques  ou  per 
le  souct  de  preserver  let  reserves  netunelles  relettvcaent  Haltdes  pour  certelnes 
d'entre  dies  :  11  s' Impose  eu  fondeur  pour  alniaiscr  ses  coOts.  Le  recycleg*  peut 
cependent  condulre  4  une  ddtdrloretlon  de  le  proprett  adtel lurglque  des  super*  1  Kept s 
de  fonderle  de  precision  et  I  une  certain*  con teal  net  I on  chlatque  pouvent  »tre  doa- 
aegeabl*  pour  le  coaporteaent  en  service  des  pieces  aoulies.  II  ne  peut  done  ttre 
introdult  qu'eprds  contrOle  solgneui  de  toutes  ses  consequences. 

L'etude  vise  I  Cveluer  1‘ influence  du  recyclege  sur  le  coaposltton  (elements  en 
treces),  le  coaporteaent  I  le  solldlflcetlon,  le  elcrostructure  de  coulee,  et  Its 
proprietes  adcenlques  d'eaplot  de  divers  ell  leges  de  nickel  tels  1'IN  100,  1'IN  738 
et  le  Har-N-002  ou  de  cobelt,  per  exeaple  le  X  45  et  le  N1  52.  El  le  aet  un  eccent 
pertlculler  sur  le  contenu  Incluslonnelre  et  sur  le  tendence  4  te  alcroporoslte.  Dens 
ce  dernier  doautne,  elle  dvelue  1‘ Incidence  technique  et  dconoalquc  d'un  dventuel 
cycle  de  coapression  Isostetlque  4  cheud. 


INTRODUCTION 

Nalgrf  de  noabreu*  eventeges  ectuelleaent  blen  connus,  le  fonderle  4  noddies  perdus  pour  eppllca- 
tlons  adronautlques  doit  chcrcher  let  voles  d'une  aellleure  dconoale  des  aetldres  adtelllques  qu'elle 
utilise.  Certelnes  dtudes  rdeentes  111  '  condulsent  en  effet  4  penser  que  les  pidees  en  ellieges  de 
nickel  ou  de  cobelt  aouldes  de  precision  eu«  Etets-Unls  eu  court  de  1'ennde  1976  ne  reprdsentent  que 
39.61  du  polds  de  adtel  effectlveaent  consoaed  en  fonderle.  Coapte  tenu  du  rendeaent  globe  1  de  l'dlabore- 
tton  de  ces  ellieges,  le  pert  vrelaent  utile  des  aatidrts  adtelllques  alses  en  oeuvre  n'est  eu  plus  que 
de  31.81. 


Les  tentative*  de  rdcupdretlon  de  le  plus  grende  pert  possible  du  tolde  te  Justlflent  eutent  per  se 
veleur  Intrtnsdque  que  per  let  posslbllltds  d'dpul tenant  de  certelnes  'dserves  neturelles  ou  le  danger  de 
dlfflcultds  d'approvlslonneaent  que  pourrelent  susclter  des  reaous  polltlques  dans  les  pays  producteurs 
ou  des  aouveaentt  spdculetlfs  sur  les  aerchds  de  aetldres  preatdres. 

Une  telle  rdcupdretlon  sans  ddclesseaent  lapllqua  que  les  chutes  de  fonderle  ou  d'acitri*  4  recyc¬ 
ler  respectent  certains  erltdre*  de  quel  ltd.  Pour  ce  qul  conceme  le  fonderle  de  prdclslon,  11  ne  peut 
s'eglr  que  des  parties  les  plus  propres  des  aatselottes  et  de  certelnes  pidees  rebutdes  pour  non  confor- 
altd  dlaentlonnelle  ou  pour  d'eutres  raisons  n'effectant  pes  le  qualttd  adtel lurglque  de  I'elllege.  Ces 
chutes  sdtectlonndes  do 1  vent  dtre  rdeupddfdes  4  l'ectdrlste  qul  let  utllisere  pour  4 laborer  des  couldes- 
adres  partial leaent  ou  tqtaJeaent  recyddes  en  les  souaettant  4  des  proedduret  peraettant  d'en  garantlr 
la  prop ret*  adtellurglque'  '. 

II  est  Evident  que  les  fonderle*  qul  sont  errlvdes  4  doalner  let  p  rob  Ideas  lids  eu  recyclege  de 
leurs  chutes,  tent  dans  leurs  aspects  adtel lurglques  qua  dens  ceu»  de  I'organlsation  interne  ou  de  le 
gestlon,  se  prdsentent  eu*  clients  dans  une  position  concurrent!*!)*  even tagout*.  Let  coAts  lids  4  leurs 
approvlslonneaents  en  ellieges  peuvent  en  effet  dtre  cons Iddrt blatant  rddults. 

L*  recyclege  des  super* 11  leges  pose  cependant  d'laportants  probldaes  techniques.  II  conduit  en 
effet  gdndrelaaant  4  un*  augmentation  de  1*  teneur  en  gez  (axote  et  oxygtne),  en  raison  de  certelnes  dlf¬ 
flcultds  d'aff Inage  4  la  refusion,  et  en  f one t Ion  de  la  qua! ltd  des  chutes  d*  fonderle  ou  d’ecldrie  rdin- 
tdgrdes  d  I*  charge.  I*  recyclege  tend  dgalaaent  4  euaaanter  les  teneurs  en  tiliciua  et  en  ztrconiua.  par 
suite  d'une  con teal  nation  des  chutes  de  fonderle  par  les  aou les -carapaces.  II  prdsente  en  outre  un  denser 
d'augaentation  de  1*  teneur  de  certains  dldaents  en  tree*  (81,  Pb,  Fe,...),  per  suite  de  t'dventu*!)* 
utilisation  de  poudret  exotheraiques.  Enfin,  1)  tend  I  tuyaenter  le  contenu  Incluslonnelre,  aalgrd  les 
noad reuses  precautions  prises  on  acidrio  et  en  fonderle  pour  lutter  contra  ce  ddfaut. 

I*  but  de  la  prdsente  coaainlcetlon  est  de  fair*  dtet  d*  1 'experience  acquis*  I  1*  Division  Forad- 
tel  de  la  febrique  National*  sur  1*  recyclege  de  divers  alliages  de  nickel  ou  d*  cobalt  utilises  pour  1* 
ddveloppeaent  ou  la  fabrication  d'eubes  do  turbines  <  get  adronautlques  ou  (ndustrtelles.  Ell*  eborde 
success  I veaent  I'exeaan  des  consequences  adtel lurgioues  et  pratiques  du  recyclege  et  1*  critique  des 
rraddes  susceptiblos  d'en  suppriaer  ou  d'en  attdnuer  let  effots  ndfastes. 

CONSEQUENCES  DU  RECfOAGE 

a.  Coaposition  et  coaportaaant  4  I*  solidification 

11  est  adndraleaent  adelt  qu'una  bona*  part  das  con teal  nations  chtaiques  dent  les  chutes  de  fonde¬ 
rle  tent  le  tidga  so  trouvent  concentrdes  au  volt inage  Uaddiat  de  lour  peso.  C'est  notaaaent  le  cat  de 
1 ‘ Indds treble  enrich isseaent  an  azote  qul  risque  d'etre  plus  Important  lartqea  let  chutes  sent  consti¬ 
tutes  de  pidees  rebut 1st  I  grand*  surface  spdclfique  plutBt  qua  da  aatselottes  ou  de  harreeux  d'al leant*- 
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t ton  plus  Msilfi.  Un*  tell*  concentration  superficial!*  est  dgaleaent  constat**  pour  les  eventuellet 
auguentatlons  des  teneurs  «n  slllclua  et  en  zirconium  pouvant  d*r1ver  d' Interactions  entre  1*  netal 
liquid*  et  1e  mule-carapace  de  preniare  utilisation. 

D'autrcs  contaainatlon*  provenant  da  1 ‘util isatlon  de  poudres  exotheralques  sont  au  contralre 
concentre**  au  nlyeau  du  cbn*  de  could*  et  peuvent  ttr*  dllalndes  par  slapl*  dtdta9*  de  celul-cl. 

la  Figure  1  confront*  «  tltr*  d'eieapl*  les  teneurs  *n  azote  et  en  fer  de  quelques  couldes-adres 
d'IN  100,  partlel leaent  (501)  ou  totaleaent  recycle**,  d*  diverse*  provenances  I  celles  de  couldes  vler¬ 
ges  conpa  rabies.  Les  distributions  d*  ces  teneurs  sont  asslal tables  I  des  lols  noraal**  pour  les  couldes- 
adres  vlerges,  Indlquant  qu'elles  provtennent  d'un  lot  statlstlqueaent  hoaog*ne.  Celles  des  couldes  recy¬ 
cles  en  sont  sufflsaaaant  dlolgndes  pour  qu'on  pulls*  cone  lure  I  la  tendance  global*  I  1 'enrlchtsseeent 
Introdult*  par  1*  recyclag*  propreaent  dlt.  Cette  tendance  est  relatlveaent  falbl*  pour  1 'azote,  pulsque 
le  seull  de  signification  du  test  de  Kolaogorov-Salmov  util  1*#  pour  la  coaparalson  des  deux  populations 
est  d*  0.124  ;  elle  est  par  contre  beauccup  plus  nett*  dans  1*  cat  du  fer  (seull  de  signification  Infd- 
rleur  I  0.01). 

L 'existence  de  telles  tendances  I  la  contaal nation  chtalque  dolt  dtre  consider**  dans  son  aspect 
statlstlque  global  et  n'lupllque  dvldeewent  pas  qu*  toutes  les  couldes  recycle**  sont  Indlvlduelleaent 
enrlchles  en  azote  et  en  fer  par  rapport  *  n'la^ort*  quell*  eoulde-adre  vlerge.  11  exist*  des  couldes 
recyddes  particular**  netteaent  ael  1  leu  res  I  cet  dgard  qu*  la  plupart  des  couldes  vterges. 

Ces  tendances  lalssent  cependant  entrevolr  la  posslbllltd  d*  uodlf Icatlons  du  coaporteaent  d  la 
sol Idlf Icatlon  pouvant  affecter  la  alcrostructur*  finale  des  pldces  couldes  dont  les  conditions  de  fabri¬ 
cation  devralent  peut-dtr*  dtre  aodlfltes  pour  en  assurer  la  qualltd  adtallurglquc. 

La  Figure  2  coapere  t  ce  propos  les  aoyennes  des  teapdratures  de  transforaatlon  aesurdes  au  refrol- 
dlsseaent  1  l5*C/a1n  depuls  1‘dtat  liquid*  pour  des  group**  de  couldes-adres  vlerges  ou  recycldes  de 
divers  tillages  de  nickel  frdqueaaant  utilises  en  fonderte  de  precision  pour  applications  adronautlques 
(Rend  77,  IN  100  et  Mar-N-002).  Coapte  tenu  de  la  dispersion  naturelle  de  telles  aesures,  les  differences 
de  coaporteaent  observe**  entre  quel  ltd*  de  aatldres  sont  trds  falbles  et  souvent  tans  aucune  significa¬ 
tion  statlstlque.  L 'observation  la  plus  Intdressant*  qu'll  est  possible  d*  falre  t  partlr  de  cette  figure 
est  qu*  le  recyclag*  n'entralne  pas  ndcessalreaent  l'dlarglsseaent  de  l'lntervalle  de  solidification 
(difference  de  teapdraturc  entre  le  llquidus  et  la  transforaatlon  eutectlque),  souvent  consider*  coaae  un 
aoyen  devaluation  de  la  tendance  naturelle  des  tillages  d  la  aicroporosltd. 

b.  Microstructure. 

A  conditions  de  could*  Agates,  le  recyclag*  de*  superalMagat  de  nickel  peut  Indulre  un*  nett* 
alteration  de  la  distribution  des  carbures  observds  sur  pldces  ‘  *  \  Cette  tendance,  dgaleaent  else  en 
evidence  pour  le  Nar-M-002,  est  lllustrd*  aux  Figures  3  et  4  dan*  le  cas  de  1  *  IN  100.  Elies  coaparent 
respect Iveaent  les  distributions  granuloadtrlque  et  aorpbologlqu*  des  carbures  observe*  1*  long  d'une 
coup*  particular*  d' tubes  aouldes  dans  des  conditions  flgAes  au  aoyen  de  trols  couldes-alres  vlerges  et 
d'une  coulde-adre  recycld*  I  50*. 

Ces  figure*  donnent  en  fait  les  enveloppes  des  courbes  de  distribution  Indlvlduelles  ddteralndes 
par  aetailograpble  quantitative  sur  plusleurs  tubes  pour  cheque  coulde-adre.  Elies  foumlssent  d*  ce  fait 
un*  idee  d*  la  precision  des  aesures  et  partant,  de  ta  signification  statlstlque  des  differences  obser- 
v*es. 


11  ddcoule  de  leur  exaaen  qu*  1*  recyclag*  favor!**  la  coalescence  des  carbures,  pulsqu'11  conduit 
4  ddporter  vers  les  grande*  valeurs  les  courbes  d*  distribution  d*  leur*  tallies  (S  represent*  la  section 
drolte  des  carbures  dans  le  plan  de  coup*  adtallographlque)  et  d*  leurs  facteurs  de  fora*  S/P*  (ddflnls 
par  le  rapport  de  la  section  droit*  au  ctrrd  du  pdrtadtre;  c*  facteur  est  nul  dens  1*  cas  de  carbures 
iddaleaent  effllds  et  vaut  0.0796  dans  le  cas  d*  carbures  parfalteaent  roods). 

Contralreaent  4  ce  qu'on  pourralt  penser,  cette  evolution, de  la  distribution  des  carbures  ne  seabl* 
pas  correspondr*  4  un*  alteration  de  leur  eoaposltlon  aoyenne'7'.  Les  analyses  chlalques  quantitative* 
locales  effectudes  au  aoyen  d'une  aicrosond*  dqulpent  un  alcroscop*  eiectronlqu*  4  ba lay age  aontrent  en 
effet  qu*  les  teneurs  des  *l*aents  constltutlfs  prlnclpeux  des  carbures  foraent  des  group**  hoaogdnes 
Indlscemables  en  fonctlon  de  la  quallt*  d*  1'alllag*  IN  100  utilise.  (Figure  5). 

II  faut  cependant  Inslster  sur  la  delicate***  d*  telle*  aesures  qul  rljquent  toujour*  d'etre  Influ¬ 
ence**  par  des  effets  d*  aetrlce,  ada*  lorsqu’elles  sont  Ha1t6*s  aux  plus  pros  des  carbures  observe*  : 
1*  teneur  en  nickel  estlae*  peut  en  effet  attelndr*  des  valeurs  tr*s  e levees  (Jusqu’i  8*). 

On*  autre  caracterlstlqu*  structural*  rltquant  d'etre  affect**  par  1*  recyclag*  est  le  taux  de 
aicroporosltd*  present**  dan*  la  structure.  La  Fleur*  6,  relative  *  un*  aub*  rotorlque  de  turbine  a*ro- 
nautlque  could*  en  all  lag*  IN  730  C,  aontr*  an  effet  qu*  1*  recyclag*  risque  globaleaent  d'augaenter  1* 
taux  d*  rebut  pour  c*  genre  d*  ddfaut. 

II  faut  cependant  se  garde r  de  penser  qu'll  s'aglt  Id  d'une  tendance  Ineluctable,  dens  la  aesur*  oQ 
certain**  couldes -ad  ret  entldraaent  recycle**  peuvent  presenter  des  coaporteaent*  coup* rabies  ou  ala* 
supdrleurt  I  celui  de  la  plupart  de*  couldes* vlerges.  Cast  c*  qu*  aontr*  la  Figure  7  qul  data*  des 
couldes -ad ret  d'IN  100  vlerges  -•  recycle**  4  501  ou  lOOf  on  fonctlon  du  uux  d*  rebut  pour  alcroporoslt* 
dans  1*  cas  d'aubes  particular**  Let  deux  quallt**  d'alllages  n'y  part  I*  sent  pas  vralaent  dltcema- 
blet  l'un*  de  1 'autre,  ala*  si  les  ael 11  cures  carectdrlatlquea  da  santd  Intern*  sent  obtenues  dans  le  cat 
dot  couldet-vlerges. 

L*  recyclag*  n'entralne  done  pat  ndcessalraaant  un*  degradation  d*  la  sant*  Interne,  aals  dolt 
plutbt  dtre  consider*  com*  un  facteur  d'aggravatlon  possible  d*  ddfaut*  en  relation  direct*  avec  certal- 
nes  carectdrtstlques  du  coaparteaent  a  la  tel  Idlf  Icatlon.  Dana  le  cat  de  I'M  100,  11  eat  par  exeapl* 
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etabll.aua  It  tendance  I  It  alcroretissure  tt  It  fraction  volunlqu*  d«i  cerbures  augmentent  tn  atae 
temps1’"  :  pour  un«  tub*  parttcultdre,  ctttc  friction  t*t  d'tnvlron  1.31  pour  Its  at! 1 leures  couldes- 
alrtt  «t  te  1.71  pour  Us  plus  aauvelset.  Lt  tens  It t  aoytnnt  tes  ctrburts  urst  tgeleaent  plus  Sieve*  pour 
Us  coultes-ndres  I  forte  tendance  I  U  alcrorettssure  (environ  1200an  )  qu«  pour  let  aeltleures  ou 
celles  te  qusllte  aoyenne  (environ  800  m~e). 

Ce  qul  vlent  dUtre  dlt  pour  le  taux  te  alcroporotlU  pout  prttlqueaent  dtra  rtpdtt  en  ce  qul  con- 
ceme  It  contenu  Inclusion ntlre.  it  figure  8,  relative  I  une  piece  structural*  en  tillage  te  cobalt 
Ml  57,  oontre  qua  U  recyclige  qul,  tens  ce  cts,  n'tffecte  pes  It  fraction  volualque  Inclusions  Ire,  peut 
ttre  it  cause  d'une  tugaentitlon  te  It  tallU  tes  Inclusions  du  type  sutfure.  Otns  U  cts  tes  tillages 
contenant  certains  Cldaents  trds  rdactlfs,  U  risque  te  pretence  d' Inclusions  d'oxytes  augaente  tvec  U 
recycltge.  Celt  est  11  lustre  I  lt  figure  9  aontrant  une  Inclusion  d'oxyte  te  Htfnlua  present!  tens  une 
coulde-atre  de  Her-H-002  recycle*  I  501.  De  tel  let  Inclusions  peuvent  provenlr  te  It  reduction  par  le 
Htfnlua  tes  refractalres  utilises  lors  te  (‘elaboration  ou  te  la  rofuslon,  voire  te  ceux  qul  constituent 
Us  aoules-ctrtpaces  employes  en  fonderle.  Leur  grand  Inconvenient  reside  tens  U  fait  que  leur  finesse 
et  leur  dcnslte  Us  rendent  pratlqueaent  Intetectables  par  radlogrephle  *• 

On  peut  cependant  sc  deaander  si  de  tel  Us  inclusions  flllforaes  rlsquent  vralaent  d'etre  prdjudl- 
ciables  tux  prorrietes  d’eaploi. 

C.  Proprietts  d'eaplol 

Let  alterations  de  coaposttton  et  de  alcrostructure  favorlsdet  par  le  recycltge  des  superalllages 
utilises  en  fonderle  de  precision  pour  applications  adronautlquet  peuvent  Ulster  cralndre  une  certalnr 
degradation  tes  proprietes  finales  d'eaplol.  Let  figures  10  et  11  aontrent  cependant  qu'une  telle  cralnte 
n'est  pas  fond**  dans  U  cat  tes  proprietes  te  traction  t  teapdrature  aaAiante  aesureet  sur  un  grand 
noabre  te  coulees  d ‘ IN  738  C  ou  d'IN  100  4  taux  te  recycltge  variable  entre  0  et  1001.  A  quelques  excep¬ 
tions  pr*s,  par  allleurs  Indtpendantes  te  la  quallt*  d'alllage  conslddree,  lt  plupart  des  couldes-adres 
satltfont  en  effet  aux  exigences  tes  specifications  en  vlgueur,  pour  Us  applications  vltdes.  La  figure 
12  pour  laquelle  cheque  point  experlaental  caracterlsa  une  coutCe-artre,  aontre  que  le  recycltge  ne  peut 
etre  tenu  pour  responsable  que  d'une  balsse  quasi  ntgllgetblc  du  niveau  noyen  des  proprietes  ou  d'une 
tret  lege  re  augaentatlon  te  leur  variation  te  coulde-adre  I  coulde-atre. 

La  figure  13  aontre  par  allleurs  que  Us  cralntes  te  degradation  systtaatlque  tes  proprietes  de 
fluage- rupture  de  1  *  IN  738C  sort  tgaleaent  Injustlf l*es.  SI  certalnes  couldes-atres  recycltes  peuvent  en 
effet  pa raltr*  plus  faibles  I  cet  *gard  que  Us  vlerges,  la  plupart  d'entre  ellet  satltfont  cependant  aux 
exigences  tes  specifications.  La  figure  14,  construlte  sur  le  atae  schema  que  la  figure  12,  aontre 
d'allleurs  que  tens  1*  cat  dUprouvettes  d'IN  100,  le  danger  te  degradation  exlste  prfnclpaleaent  pour  la 
dure*  te  vie  en  fluage-mpture  1  taaperatur*  aoddrde  (760‘c/S85HP») . 

NEHE0CS  PROPOSES  C0NTRE  LES  OEfAUTS  INTROMITS  PAN  LE  RECYCLAGE. 

Ce  qul  precede  indlque  que  le  risque  de  degradation  tntrodult  par  le  recyclage  concern*  plus  le 
taux  te  alcroporosltes  et  le  contenu  Incluslonnafr*  te*  Us  proprietts  atcanlques  d'eaplol  tes  pieces 
coultes.  C'est  done  sur  ces  carectdrlstlques  te  sent*  aeullurglqu*  que  Us  efforts  d' amelioration  dol- 
vent  prlnclpaleaent  porter. 

En  ce  qul  concern*  Us  alcroporosltes,  11  y  a  tout  d'abord  lieu  te  contrdler  strlctaaont  la  compo- 
sltlon  chlnlqu*  des  couiees-adres  partial laaient  recycle*!  eu  niveau  te  tout  let  elements  en  faibles 
teneurs  ou  en  traces  qul  peuvent  exercer  une  ccrtalne  Influence  sur  It  solidification  tendrltlque  et  la 
precipitation  eutectlque  ($1,  Zr,  Hf,  N,,...).  Cel  objectlf  peut  etre  approcM  par  une  selection  soi¬ 
gne*  et  un  condlttonneaant  approprl*  tes  chutes  te  fonderle  I  recycler,  te  facon  1  dviter  let  contamina¬ 
tions  par  Us  refraculres  utilises  pour  la  refusion  et  1*  coulee  ou  par  d'eventuellat  poudret  exotheral- 
ques. 


Let  observations  rapportees  plus  heut  sur  Us  relations  entre  le  precipitation  tes  carburet  et  le 
taux  de  alcroporosltes  tens  tes  tubes  aouieet  te  precision  en  eltlege  IN  100  suggdrent  d'etendre  tens 
certains  cet  ce  contrOU  te  U  composition  chlnlqu*  I  tout  Us  elements  cerburlgdnes  (C,  T1,  Nb,  Ho, 
Cr,...)  pour  nlnialser  le  fraction  et  la  denslt*  des  carburet.  II  y  aura  It  cependant  lieu  te  confirmer  et 
de  prdclser  ces  relations  structure- sent*  mdUllurglque  pour  anil lorer  l'efflcaclt*  te  telles  actions 
correctrlces. 


Oe  toutes  f aeons,  let  procedures  te  fusion,  d'afflneg*  et  te  coulee  en  acUrle  dolvent  etre  adap- 
te*t  pour  tenlr  compte  dot  caractdrlstlques  et  tes  besoins  pertlculiers  tes  coulees  recycldos.  Dans  ce 
domalne,  une  collaboration  technique  approfondle  s' Impose  cartel neamnt  entre  let  fondeurs  et  Us  elabora¬ 
te*  rt  d'elllages. 

Dens  U  cat  oO  let  precautions  precedent* I  ne  peraettent  pet  d'tvIUr  qua  le  recyctage  Indulse  une 
deterioration  te  le  sente  adtallurglque  dot  pieces  coulees,  11  est  toujour*  possible  te  souanttre  ces 
demUres  e  une  compression  Isostatlque  8  cheud.  Un  tel  treltament  est  effect Ivament  Plan  connu  pour  ton 
aptitude  I  re sorter  lea  alcroporosltes  et  let  micro re tattures  de  coulee 


II  feut  cependant  prendre  so In  de  blen  adapter  Us  conditions  te  cycle  aux  carectdrlstlques  metal- 
lurglques  perticulldre*  du  altel  treltd,  pour  tvfter  d‘y  Indulro  tes  perturbations  structurales  eventual- 
lament  Irrdcupe rabies.  La  temperature  te  pel  Ur  est  I  cet  *gerd  U  premier  perametro  8  ajuster.  11  est 
tend rs lament  ateris  qu'elle  dolt  dtr*  choltle  entre  U  gaaam  prime  solves  at  le  solidus,  pour  peraettre  le 
formeture  facile  des  pores  sous  1'ectlog.te  la  pres  si  on  aitdrlaure,  sent  provoquar  la  fusion  coteancente 
lea  dUteralons  des  pieces  t  rat  teas  ™.  La  figure  18  donna,  8  tttre  4'  II  lustration,  las  aoyenne  s 


ou 

cat  temperatures  da  transformation  mesurdes  eu  cneuffage  I  vlUsse  constant*  (18*C/a1n)  pour  dl verses 
cwldos-mdrea  vlerges  eu  recycldos  das  ill  leges  Hand  11,  IN  100  at  Nar-fl-OOt. 

II  eat  cependant  Important  te  fairs  une  nette  distinction  antra  lea  a 11 leges  qul  ne  peuvent  dtre 
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ut  1 1  ltd*  qu'aprds  un  tra  Human  t  thermlque  component  un e  else  en  solution  «t  un  viol 1 1 1  tsoment  ct  Us 
autres,  utlllsobUs  dlrectement.  Pour  cos  dernlers,  U  mlcrostructure  du  produtt  sort  done  colic  pul 
dtcouloro  du  cycle  do  compress f on  tsostotloue  I  cheud  ot  certolnos  prtcoutlons  do Wont  dtre  prises  pour 
on  preserver  les  cersctdrlstlques  essentUlles. 

L'homogdndltd  de  U  prdclpltetlon  geanu  prime  loplique  tout  d'tbord  do  dlssoudre  entlOrement  cette 
phase  eu  cheuffaga  ou  pendent  le  melntlen  Iso the rue.  Dens  Us  cos  ou  le  presence  d'une  felble  frectlon  de 
parttcules  prime  Ires  est  souhattde,  U  tempdreture  de  poller  dolt  eu  contrelre  sc  sltuer  Idgdrement  en¬ 
dec!  du  geamm  prime  solvus.  Compte  tenu  de  cos  remarques  et  des  tempdretures  de  t rens forme t Ion  moyennes 
indlqudes  !  le  Figure  1$,  le  compression  Isostotlque  !  cheud  de  1 1  IN  100  s'effectue  hebltue Dement  ! 
1220*C  et  celle  du  Ner-M-002,  I  1230*C.  Dens  le  ces  du  Rend  77,  le  fendtre  de  trelteomnt  est  pertlculld- 
rement  Urge  et  offre  beeucoup  de  llbertd. 

Les  cerectdrlstlques  de  reprdclpltetlon  de  le  phase  geamu  prime  dd pendent  de  U  vltesse  du  refrol- 
dlssemnt  imposd  en  fin  de  cycle  :  Les  Figures  16  et  17  montrent  l'empleur  de  cette  Influence  dens  Us 
ces  de  l'IN  100  et  du  Mor-M-002.  Oes  observotlons  enelogues  peuvent  d'ellleurs  dtre  feltes  en  ce  qul  con¬ 
cern*  U  prdclpltetlon  des  cerbures  :  dens  le  ces  de  l'IN  100  per  eiemple,  on  e  pu  montrer  que  le  prdcl¬ 
pltetlon  Intergrenulelre  de  cerbures  prdjudlclablet  !  le  tenue  en  fluege-ruptuM/ie  peut  dtre  dvltde  que 
si  Us  vltesses  de  cheuffege  et  de  refroldlssement  sont  sufflsemeent  dlevdes  l  Dens  U  mejorttd  des 
css  examines  Jusqu'l  present  per  Us  euteurs,  le$  cycles  HIP  dont  Us  conditions  sont  ejustdes  pour  pre¬ 
server  Us  cerectdrlstlques  de  le  distribution  de  le  phase  geamu  prime  et  de  le ^edctpltetlon  des  cerbu¬ 
res  condulsent  dgelement  !  un*  emdlloretlon  des  proprldtds  mdcenlques  d'emplol  *  . 

II  serelt  cependent  eudecleux  de  crolre  que  le  compression  Isostetlque  !  cheud  constltue  une  espdee 
de  penecd*  permettent  de  rd sorter  tous  Us  ddfeuts  de  sentd  Interne.  Dens  le  ces  de  l’elllege  de  cobelt 
X-4S  per  example,  Us  Importentes  mlcroretessures  observdes  dens  une  tone  pertlculldre  de  pldces  structu- 
reles  couldes  I  pertlr  de  mttel  recycle  !  loot  prdsentelent  des  bords  dure  Is  per  une  fine  prdclpltetlon 
de  cerbures  IC-C,  (M  •  Cr  et  U)(F1g.l8).  Une  dtude  epprofondle  de  le  sequence  de  fusion  de  l'elllege 
per  enelyte  tWrvTqu*  dlffdrentlel le  et  per  exaamns  mdtel logrephlques  sur  dchentlllons  trempls  I  dlverses 
tempdretures  e  montrd  que  ces  cerbures  ne  sc  dissolvent  compldtement  qu'eu-dessus  de  1300*C.  Le  fusion 
coamencente  de  l'elllege,  essoclde  t  le  dissolution  de  cerbures  messlfs  ICC  devenent  noteble  dds  1345*C, 
divers  dchentlllons  ont  dtd  souml  t  un  cycle  HIP  I  1310’C  pour  tenter  d'en  rdsorber  le  mlcroretessure. 

Les  temps  de  emlntlen  !  heute  tempdreture  gdndrelement  Imposts  lors  de  le  compression  Isostetlque  1 
cheud  sont  Mlhcureusement  Insufflsents  pour  essurer  le  diffusion  des  dldments  constltutlfs  de  ces  cerbu¬ 
res  qul  ont  dds  lors  reprdclpltd  eux  mdmes  endrolts  eu  court  du  refrotdlssement.  Les  ldvres  des  mlcrore¬ 
tessures  ne  se  sont  done  pes  sufflseemmnt  edoucles  et  ont  per  el lleurs  vrelsembleblement  dtd  soumlses  1 
des  contrelntes  Internes  engendrdes  per  les  verlettons  volumdtrlques  essocldes  I  le  dissolution,  puis  ! 
le  reprdclpltetlon  des  cerbures.  C'est  sens  doute  pour  ces  relsons  que,  dens  ce  ces  pertlculter,  le  com¬ 
pression  Isostetlque  I  cheud  ddgrede  U  sentd  Interne  plutAt  que  de  I'emdllorer  (Fig. 19).  Flnelement,  ce 
problem*  n'e  pu  dtre  rdsolu  en  fonderle  que  per  une  modlficetion  du  monte ge  des  greppes  et  le  recours  1 
des  procedures  pertlcul Idres  permettent  d'dvlter  I  le  fols  Us  mlcroretessures  et  le  prdclpltetlon  fine 
de  cerbures  H^Cj  qul  leur  est  systdemtiquement  essoclde. 

Cnfln,  11  ne  feut  pes  perdre  de  vue  que  le  treltement  de  compression  Isostetlque  I  cheud  grdve  le 
coGt  de  production,  dens  U  mesure  oO  11  constltue  un  trelteemnt  suppldmentelr*  I  ejouter  I  le  sdquence 
de  febrlcetlon.  Dens  Us  ces  od  11  peut  efflcecement  rdsorber  Us  ddfeuts  de  sentd  Interne,  et  compte 
tenu  du  teux  de  rebut  cerectdrlstlque  de  l'dtet  mould,  11  peut  cependent  dtre  eventegeux,  tent  technlque- 
ment  qu’dconomlquement,  de  l'lmposer  de  fecon  systdmetlque  '  '(Fig. 20). 

Cn  ce  oul  concern*  l*s  Inclusions,  11  n'y  e  gudre  que  le  cholx  judlcleux  des  rdfrectelres,  le  fll- 
trege  de  1'eDlege  en  ectdrle  et  en  fonderle  et  U  sdvdre  sdlectlon  des  chutes  i  recycler  qul  puls  sent 
minimiser  leur  probebllltd  de  prdsence.  11  feut  cependent  edaettre  que  cette  probebllttd  ne  peut  Jemels 
dtre  nulle,  mime  dens  le  ces  d'ellltges  entldrement  vierges. 

Les  flltret  utlllsebles  sont  constltuds  de  mousse  cdremlque  ou  prdsen tent  une  structure  en  nld 
d'ebellle  1  Leur  efftcecltd  ddpend  dvldemment  des  tellies  motives  des  inclusions  I  errdter  et  des 
chenaux  de  pessege.  U  Figure  9  montre  I  ce  propos  le  ces  d'une  Inclusion  tf'osyde  de  Hafnium  trds  petite. 
Mis  cependent  arrdtde  per  un  flltre  en  nid  d'ebellle  dlsposd  dens  le  edne  de  coulde  d’une  greppe  d'eubes 
en  alllago  Ner-M-002  recycle  I  SO*.  Le  probebllltd  d'errdt  ddpend  IvIdemMnt  de  1  'hydreullque  eu  niveau 
du  flltre,  U  vlscosttd  du  mdtel  dtent  f one t Ion  des  conditions  de  coulde. 

CONCLUSIONS 

Le  recyclege  des  superelllages  de  nickel  ou  de  cobelt  utilises  en  fonderle  de  precision  pour  appli¬ 
cations  adroneutlques  s' Impose  pour  dimlnuer  les  coOts  de  febrlcetlon,  pour  dviter  U  ddclassament  de 
matures  mdtel  llques  I  haute  velour  Intrlnsdque,  pour  dviter  d' eventual  Us  difficultds  tf'approvlsionne- 
ment  et  pour  preserver  les  reserves  nature  11 as. 

II  peut  cependent  augamnUr  le  risque  d'une  ddrlve  de  le  composition  eu  nivoeu  des  dldments  en 
foibles  teneurs  ou  dos  dldemnts  on  traces  et  il  pout  ronforcor  U  probebllltd  de  rebut  pour  ddfeuts  de 
sent*  intom  ou  pour  contonus  inclustonnotros  trop  dlevds.  II  no  s'egit  pourtent  pes  d'une  tendance 
Ineluctable  I  U  deterioration  do  U  quel ltd,  dens  1*  mesure  od  dos  precautions  peuvent  dtre  prises  pour 
rondro  lot  couldes -mdres  recycldes  aussi  setisfaisentes  que  le  plupart  des  couldes  vierges. 

Cos  precautions  concomont  lot  prttlquos  de  fonderle,  U  sdtoction  ot  U  condi tlonnoment  dos  chutes 
I  recycler  et  lot  procedures  d'dlaboretlon  an  acldrie.  Dons  U  cos  od  de  tetles  prdcootions  restent  1n- 
smffisentot.  Its  couldes -mdres  recycldes  peuvent  tout  de  mda  dtre  eventegeosement  exploiters,  I  condi¬ 
tion  d' utilise*  des  f litres  on  fenderU  ou  do  sewMttre  lot  pidcos  «  une  compression  Isostetlque  1  cheud 
finale.  Co  dernier  treltement  ne  constitue  cependent  pas  mo  pemaede  unlverselle  et  set  conditions  de 
realisation  dslvont  dtre  solqnnusement  ejustdes  sue  perticuUritds  edtellurglques  du  probllme  peed. 
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SUMMARY 

'This  paper  is  a  sequel  to  an  earlier  review  (I)  antitied  impurities  and  Trace  Elements  in  Nickel  Base 
Superalioy  f  and  covers  work  performed  in  this  field  from  IV74  to  present. 

Improvements  in  refinement  technology  are  discussed.  This  include*  evaluation  of  refractory  materials  to 
ensure  minimal  accumulation  of  inclusions.  The  follow  inf  section  on  detrimental  (or  tramp)  elements  coverst  (I)  residual 
gases  and  porosity,  (ii)  non- metallic  inclusions  (with  particular  emphasis  on  fatigue  crack  formation  in  Inclusion*  which 
can  lead  to  prematire  failure)  and  (iii)  residual  elements  such  as  sulfur,  phosphorus  and  other  tramp  elements  (primarily 
those  in  AMS  22 10)  which  segregate  to  grain  boundaries.  Since  this  segregation  can  lead  to  intergranular  fracture,  thrie 
elements  have  been  the  tub  feet  of  several  studies  by  Auger  Electron  Spectroscopy  (AES). 

There  is  also  s  section  on  beneficial  elements  which  are  added  in  small  amounts  to  counteract  the  effect  of 
the  tramp  elements.  Some  of  those  beneficial  elements  in  smalt  residual  amounts  may  also  help  with  grain  size  control. 

Finally,  some  recent  work  on  the  processing  of  scrap  it  discussed,  with  particular  reference  to  minimizing  the 
inclusion  and  trace  element  content  of  the  alloys. 


L  INTRODUCTION 


The  theme  of  this  meeting  "Materials  Substitution  and  Recycling"  is  an  important  subject  and  its  discussion  is 
timely  for  it  has  received  much  attention  lately,  particularly  In  the  USA,  which  is  of  course  one  of  the  main  consumers  of 
specialty  metals.  According  to  the  publication  "Aviation  Week  and  Space  Technology"  (December  21, 1911  p.||,  January  12, 
WSJ  p.K,  February  2,  m  J  p.15  and  May  2,  M)  p.K)  concern  over  dependence  on  foreign  sources  for  strategic  materials 
was  one  reason  why  Congress  speed  to  the  adoption  of  the  specialty  metals  provision  for  the  Defence  Department 
Appropriations  Bill.  This  provision,  which  was  supported  by  the  specialty  steel  industry  in  the  US,  but  not  by  Defence 
Department  Officials,  severely  restricted  the  importation  of  defence  items  containing  forelgn-pcoduced  specialty  metals. 
More  recently  (AWST  July  IS,  IWJ  p-U),  Congress  has  agreed  to  changes  in  the  Bill  which  will  allow  the  Importation  of 
certain  strategic  materials.  The  concerns  raised  by  this  Bill  are  a  good  example  of  the  very  high  level  of  importance 
which  governments  are  placing  on  self-sufficiency.  The  metallvgiat  is  therefore  responsible  far  developing,  and  then 
fine-timing,  alloys  which  can  meet  all  specifications  for  the  required  properties,  while  ensuring  as  far  as  possible,  that  the 
ingredients  are  readily  available  at  a  reasonable  cost. 

Nickel  base  superalloys  are  used  for  two  primary  functional-  (i)  high  ttrength/high  corrosion  resistance  at 
ambient  temperatures  and  (ii)  high  strength  with  creep  and  oxidation  resistance  at  high  temperatures.  A  good  example  of 
materials  substitution  for  a  particular  application  is  the  alloy  designated  Hastelloy  TV  ,  developed  by  Cabot  Corporation. 
Kasteliov  TV  (Ni-tSi- JCu)  hat  good  resistance  to  corrosion  in  an  environment  such  at  H2S0*  and  can  therefore  replace 
Inconel  MO  (Ni-t6Cr-*Fe)  for  many  industrial  applications,  thereby  saving  a  Urge  amount  of  chromium. 

For  optimum  high  temperature  properties  for  a  given  alloy  one  can  control  the  heat  treatments  and 
mechanical  proewssirg  to  obtain  the  required  grain  size  and  microetrur*ura.  Also,  It  It  usual  to  specify  vacuum  melting 
end  vacuum  refining  and  to  add  small  quantities  of  materials  at  refining  aids  to  help  remove  undeslreablt  "tramp" 
elements  and  help  with  grain  size  control. 

A  review  of  the  effects  of  both  beneficial  end  minor  alloying  elements,  and  the  effects  and  control  of 
detrimental  trace  elements  in  nickel-base  super *i Joys  wee  published  In  W26  (I).  Since  then,  e  number  of  published 
conference  proceedings  have  devoted  at  least  one  session  to  this  topic.  This  paper  is  essentially  a  sequel  to  the  earlier 
review,  and  will  contain  citations  to  many  papers  presented  at  conferences  or  In  the  literature,  but  will  not  discus*  papers 
already  referenced  In  the  previous  review. 

This  paper  will  use  the  tame  general  classifications  as  the  previous  one  covering  refining  aids,  detrimental  and 
beneficial  elements.  There  may  be  some  overlap  In  the  treatment  since  the  no  it  of  beneficial  elements  It  often  to  remove 
or  to  counter  the  effect  of  tramp  elements.  Although  the  word  tigmr alloys  he*  been  used  In  the  title,  most  of  the  work 
over  the  past  7  or  I  years  hat  again  concentrated  on  nickel  baee  alleys.  The  compositions  of  the  alloy*  discussed  In  this 
paper  ere  given  in  Table  L 


Moat  of  the  nickel-bate  supers! toys  in  common  use  rely  on  precipitation  hardening  by  y‘.  This  Is  an 
inter  metallic  plteaa  of  the  stoichiometric  composition  Nlj(AI,Tl)  and  hence  aluminium,  titanium  or  both  aluminium  and 
titanium  must  be  added  to  the  mah,  Since  these  t laments  are  highly  reactive,  their  stabilization  is  vary  difficult  to 
control,  especially  In  the  praaanca  of  oxygen.  On*  of  the  main  reasons  why  most  y'  strengthened  tupersltoys  used  for 
high  strength,  high  temperature  applications  are  vacuum  matted  to  to  roduco  the  oxide  Inclusion  content. 

The  first  malting  stage  of  quality  superalioy  production  It  ueuelly  by  vacuum  Induction  malting  (VIM) 
where  the  charge  to  melted  In  m  induction  hamece  lined  with  carbon  or  soma  other  refractory  such  at  magnesia  or 
alumina.  Oirbg  Me  process,  the  oxygen  and  nitrogen  contents  of  the  malt  decrease  with  timet  tha  oxygen  Is  removed 
during  the  cvfeen  W,  wNch  atoo  purges  tha  nitrogen  (IX  These  gates  slang  with  sulfur  also  react  with  Ai,  Ti  or  other 
reactive  elements  wtkch  may  be  added  far  refining  purposes  such  at  HI,  B  or  Zr.  Tha  resulting  oxide*,  nitrides  and 
sulfide*  past  Into  the  slag.  At  the  same  time,  It  to  well  known  (0  that  certain  tramp  elements  are  stabilised  during  VIM. 
After  casting,  11m  result**  **M  to  clewt  but  hat  a  Ivg*  and  non-uniform  train  ala*.  Therefore  subsequent  grain 
refinement  tor  Improved  mechanical  properties  to  required,  and  this  occurs  altar  on*  of  saveral  form*  of  rsmofting, 
depend**  an  whether  the  material  will  be  used  In  cast,  wrought  or  powder  form. 
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TABLE  I 


CHESgCAL  CQMPQSmoW  or  alloys  occusseo  in  thp  paper 


Cond¬ 

ition* 

Nl 

Al 

Co 

Cr 

F* 

Hf 

Mo 

Mb 

T* 

Tl 

V 

W 

Zr 

Inconel  *00 

W 

Bel 

17 

S 

IN-100 

c 

Bal 

3.3 

13 

10 

3 

*.7 

1.0 

MERL-74 

p 

Bel 

3.1 

IS 

12 

0.6 

3.2 

1.5 

*.2 

o.os 

Astro  loy 

c 

Bel 

«.« 

13 

13 

3.23 

3.5 

Hattelloy-X 

V 

Bel 

22 

19 

9 

NSC-I 

W 

Bel 

IS 

13 

A- 1900 

c 

Bal 

6 

K> 

s 

6 

*.3 

1 

IN-7  3$ 

c 

Bel 

3.* 

U 

13.3 

0.2 

L75 

0.9 

L9 

3.2 

2.63 

0.1 

Hastelloy  C-274 

V 

Bal 

0.2 

u 

16.9 

3.3 

16 

34 

0.01 

Hastelloy-C* 

V 

Bal 

2 

1* 

3 

13.3 

0.2 

Nimonic  103 

w 

Bal 

S.7 

19.7 

13 

3 

L3 

0.1 

MAR-M0Q2 

c 

Bal 

3.7 

10 

9 

L6 

2.3 

L3 

K> 

0.06 

MAR-M309 

c 

».« 

0.IS 

Bal 

23.* 

3.7 

0.17 

MAR-M200 

c 

Bal 

5 

10 

9 

I.S 

2 

12.3 

0.03 

PE  1* 

c 

Bal 

L3 

16.3 

36.7 

3.3 

L3 

INCO  901*  • 

c 

Bal 

0.2 

12.3 

3* 

6 

3 

Haynes  7  it 

* 

Bal 

0.6 

IS 

19 

J 

Nb  ♦ 

T*  *  5.2 

1 

•  C  •  Cut  P  «  Powder  W  «  Wrought 

•  •  U-901,  Udtmet  901  and  Unitemp  901  are  alto  of  similar  competition. 

For  cut  products,  vacuum  remeltir*  furnaces  arc  usually  small  induction  furnaces  which  allow  precision  parts 
to  be  cut  iwder  vacuum.  For  wrought  products,  vacuum  arc  remelting  (VAR)  is  commonly  employed  to  convert  the  VIM 
ii*ot  into  a  similar  bar  of  finer  grain  size.  The  VIM  ingot  forms  one  electrode  which  gradually  melts  bock  when  an  arc  is 
struck.  The  resulting  liquid  forms  a  pool  which  cools  quibtJy  for  a  fine  grain  size. 

One  of  the  newer  relink*  procedures  (21  is  vacuum  arc  double  electrode  remelting  (VADER)  in  which  the 
product  is  uniformly  finer  grained  because  the  cooling  rate  is  much  higher  than  for  other  types  of  refining. 

It  is  probable  that  in  a  uniformly  fine-grained  structure  the  impurities  would  be  uniformly  distributed  and  would 
be  unlikely  to  concentrate  into  pools  from  which  potential  hazardous  cracks  could  emanate.  It  is  clear,  however,  that  since 
the  electrode  material  is  melted  in  vacuum  and  drops  of  this  liquid  fall  onto  the  surface  of  the  refined  ingot,  there  is  no 
time  for  the  removal  of  any  laiwanted  elements.  Therefore,  control  of  beneficial  and  tramp  elements  must  take  place  in 
the  initial  vacuum  induction  melting  (VIM)  process. 

Another  new  process  bell*  developed  in  the  USSR  is  vacuum  plasma  arc  remel  ng  (VP AR)  (3V.  For  this  process, 
it  is  claimed  that  evaporation  losses  of  alloying  elements  is  low,  but  that  the  removal  of  impurities  is  high.  In  comparison 
to  other  refining  metho*,  reductions  of  bismuth  (by  90%),  lead  (by  90%),  antimony  (by  70%),  oxygen  (by  50%)  and  nitrogen 
(by  73%)  have  been  reported. 


I.  DETRIMENTAL  ELEMENTS 

These  may  be  in  the  form  of  residual  gases,  residual  non-metals,  or  residual  metals  and  metalloids. 

(%)  Rt^iduti  mts  and  porosity 

- Cattlr*  Selects* Jus  to  dwlnkage  and  porosity  hove  always  caused  problems  for  premature  crack  Initiation. 

Consequently,  over  the  past  few  years,  hot  IsosUtic  pressing  (HIP’Ing)  of  castings  has  bean  more  wtdMpread  (*,3)  and 
compwUes  such  as  How  met  and  Industrial  Materials  Technology  Incorporated  offer  a  comprehensive  service  including  the 
MP-ing  of  any  aaroepa ce  component  and  Includir*  advice  on  various  appropriate  HIP  treatments  etc.  Typical  Improvements 
for  a  nickel-base  alloy  ft- 1900  before  rod  after  HI  Ping  are  as  follows  (3k  7WC/430  MPa  nature  Ufa  increases  from  32  to 
K)0  hours  and  elongation  increases  from  6%  to  7.3%.  It  has  also  been  shown  (3)  that  the  low  cycle  fatigue  Ufa  of  cast 
hafnium-modified  tN-792  can  be  Improved  by  a  factor  of  eight  times  after  Hip'll*.  Fatigue  Ufa  is  improved  bacauee 
porosity  obviously  wsalieni  ths  structure  by  providing  paths  of  least  resistance  to  advancing  fatigue  crocks. 

There  has  recently  been  a  great  Improvement  in  casting  technology  of  sMraUsyt  to  the  extent  that  net  shape 
integral  coatings  of  hrbine  wheels  consisting  of  diec  rod  Made  assemblies  are  possible.  After  many  experiments  Involving 
a  high  reject  rate,  it  has  been  determined  by  Harris  et  tl  (*)  that  a  low  oxygen  rod  nitrogen  content  of  the  romelt  bar  to 
essential  A  Omit  for  eoch  a  lament  of  13  ppm  ha*  been  established  to  roAico  (!)  the  formation >  oloatde  l«clusiona,*nd  (11) 
mtcreporoalty  (which  was  forod  to  be  controlled  mainly  by  the  nitrogen  content).  The  seme  anthers  havelndlcated  that  O 
rod  N  levels  bt  the  mehk*  stock  consistently  below  10  ppm  are  possible  rod  that  this  further  Improve*  the  testability  of 
IN- 100. 


In  the  consideration  of  defects  which  arise  from  high  (as  contents,  particularly  oxygen  and  nitrogen.  It  it 
important  to  relate  the  size  of  the  resulting  defect  to  the  damage  that  can  be  caused  by  it.  A  defect  may  grow  in  tire 
Airing  service  particularly  when  high  stress  can  in&ice  crack  propogation.  Design  concepts  based  on  fracture  toughness 
testing  should  indicate  the  maximum  siae  to  which  a  defect  may  be  allowed  to  grow  during  the  life  cycle  of  the  component 
such  that  a  critical  size  (ke.  a  defect  leading  to  failure)  is  not  attained. 

Microporosity  and  inclusions  resulting  from  an  initially  high  N  and  O  content  are  examples  of  defects  which  can 
grow  under  creep-type  conditions  at  high  temperature,  interstitial  solute  atoms  such  as  H,  O,  C  etc.  can  migrate  under  the 
influence  of  stress  at  high  temperature  and  accumulate  at  cavities  in  the  grain  boundaries  (7).  The  improved  properties 
ascribed  to  the  addition  of  B  arid  Zr  (to  be  described  later)  are  probably  largely  a  result  of  the  ability  of  these  elements  to 
restrict  the  gram  boundary  diffuaion  of  Impurities  and  thereby  increase  the  resistance  to  creep  cavitation. 

ine  two  main  sources  of  inclusions  are i  (i)  oxides  etc.  formed  during  melting  and  (ii)  furnace  and  crucible 
refractory  materials.  Inclusions  (and  porosity)  are  a  primary  source  of  fatigue  crack  initiation,  particularly  In  high 
temperature  aerospace  components  fabricated  from  powders  (*,9).  Eylon  and  Uyzak  (I)  used  a  precision  sectioning 
technique  to  investigate  the  fatigue  crack  origins  of  two  powder  nickel  base  superalloys.  They  found  that  in  all  cases 
where  the  fatigue  crack  initiation  site  eras  based  on  a  subsurface  location,  the  fatigue  crack  origin  was  at  a  pore  or  no n- 
metallic  inclusion  such  at  MgO.  These  materials  were  produced  by  argon  atomization  and  during  this  process  it  is  possible 
to  pick -14)  significant  oxygen,  typically  *0  to  200  ppm. 

In  order  to  understand  the  exact  role  of  ceramic  inclusions  in  nickel-baae  alloys,  a  modified  IN-100  powder  alloy 
designated  MERL  76  was  seeded  with  two  types  of  oxides,  AI2OJ  and  MgO,  both  of  which  are  used  at  refractories  in  the 
powder-making  process.  The  specimens  were  then  compacted  and  fatigue  tested  and,  at  a  result  of  this  work.  Law  and 
Blackburn  (9)  were  able  to  show  that  crack  nucleatian  in  the  base  metal  was  invariably  preceded  by  cracking  either  in  these 
large  (up  to  I  mm  diameter)  inclusions  or  at  the  inclutian/matrix  Interface.  This  damage  occurred  at  low  stress  (MO  MPa) 
and  after  very  few  cycles.  Since  cracking  occurred  with  equal  ease  in  both  AlyOj  and  MgO  inclusions,  it  could  be 
concluded  that  each  are  equally  damaging  to  the  structure. 

The  subsequent  cracking  through  the  matrix  was  monitored  for  various  inclusion  sizes,  stress  levels  and  test 
temperatures.  The  effect  of  inclusion  size  is  shown  in  fig.  I  where  it  can  be  seen  that  crack  rate  is  almost  Independent  of 
size  until  the  crack  reaches  a  length  of  about  0.1  mm  at  which  point  prior  inclusion  size  plays  a  role  in  the  crack  growth 
rate)  the  larger  the  inclusion  the  greater  the  crack  growth  rate.  Similarly,  crack  growth  rates  Increased  with  increasing 
stress  and  decrees!^  temperature  of  testing,  but  wer*  not  affected  by  inclusion  shape.  It  was  concluded  that  the 
Inclusions  behaved  Uke  notches  rather  than  cracks  in  the  structure. 

Also  working  with  a  powder  alloy  (Attroioyk,  Track  and  Batz  (10,  II)  have  shown  that  stress-controlled  low  cycle 
fatigue  (LCFI  lives  at  room  temperature  are  not  affected  by  the  introduction  of  small  (  <  20  a  m  diameter)  inclusions.  In 
fact  inclusions  up  to  100  *>m  had  little  effect  on  the  LCP  lives.  However,  In  1  tress-con  trolled  experiments,  at  high  stress 
and  elevated  temperature  (600*C)  defects  with  diametars  as  tow  as  *0  „m  considerably  shortened  the  life. 

Hence,  although  oxide  inclusions  cannot  be  avoided  completely,  it  la  certainly  advisable  to  limit  the  size  if 
possible.  Two  recent  Investigations  on  MERL  7*  (12,  I))  have  concluded  that  the  crucible  refractory  material  is  of  prime 
importance  in  limitiiy  inclusions.  Unfortunately,  the  conclusion*  |n  each  case  were  somewhat  contradictory,  although  the 
reasons  for  this  may  have  been  due  to  the  order  in  which  ingredients  such  as  reactive  metals  Uke  Hf  were  added  to  the 
melt. 

Brown  et  al  (12)  have  developed  a  procedure  for  the  extraction  of  oxide  inclusions  and  on  the  basis  of  this 
technique  have  concluded  that,  for  VIM  material,  magnesia  (MgO)  crucibles  gave  the  lowest  oxide  content  In  the  melt 
followed  by  AI2O)  followed  by  Zr^Oj.  VAR  had  little  or  no  effect  on  the  oxide  level,  but  ESR  resulted  in  significantly 
lower  oxide  levels. 

On  the  other  hand,  Sutton  wxd  Johnson  (13)  in  melting  the  same  material  found  that  AI^Oj  crucibles  gave  the 
lowest  oxide  content  followed  by  spinel  (MgAl2<>«)  followed  by  MgO.  MERL  7*  contains  about  G.*%  Hf,  and  in  each  study 
the  dominant  oxide  wax  found  to  be  Hf02- 

Residual  Non-Metals 

As  was  true  in  1976,  sulfur  continues  to  be  one  of  the  elements  of  major  concern  to  superalloy  users. 

Several  investigations  have  used  Auger  Electron  Spectroscopy  (AES)  during  recent  years  to  study  the 
segregation  of  sulfur  to  free  surfaces  and  grain  boundaries.  Par  example,  it  Is  shown  in  fig.  2  (19)  that  In  Inconel  600  with 
a  sulfur  content  of  0.002%  by  weight,  the  distribution  of  sulfur  (I)  after  furnace  cooling  and  (ii)  after  water  quenching 
from  1100* C  is  markedly  different.  This  was  demonstrated  by  taking  small  places  from  each  of  these  samples  and 
annealing  them  at  different  temperatures  in  an  Auger  unit.  In  the  furnace  cooled  specimen  the  sulfur  was  already 
distributed  ut  the  grain  boundaries  and  was  able  to  migrate  to  the  (ree  surface  at  temperatures  between  )00*C  and  *00  "C 
whereas  in  the  quenched  sample,  the  sulfur  was  locked  in  to  the  matrix  and  unable  to  diffuse  to  the  surface.  Assuming  the 
free  surface  of  a  sample  is  similar  to  a  grain  boundary  or  region  of  porosity  in  that  it  offers  a  low  energy  site  for 
migrating  atoms,  than  it  is  not  surprising  that  sulfur  is  found  In  higher  concentrations  at  fracture  surfaces  than  in  the  bulk 
material.  Kny,  Stole  and  Stickler  (IS)  studied  the  alloy  IN-73*  and  faztd  that  In  the  normal  heat  treated  condition  (1120* C 
2h,  cool  to  RT,  **J*C  29h)  the  bulk  S  level,  measured  chemically  to  be  about  0.00)  art  %  was  in  the  order  of  0.00*%  ♦ 
0.003%  whan  measured  by  AES.  in  e  fracture  surface  this  level  Increased  to  about  0.03%.  Whan  the  same  material  was 

Xd  at  7t**C  for  10,000  Ixxri  -  i.e.  simulating  a  use  condition  -  the  bu&  level  of  S  was  below  the  level  of  detectability, 
la  the  average  sulfur  level  in  the  surface  was  0.12%. 

Seme  areas  had  a  sulfur  concentration  as  high  as  0.33%  which  is  shout  K)0  times  the  original  bulk 
concentration.  A  similar  result  hat  bean  obtained  by  Yemagudti  et  al  (16)  where  AES  analysis  confirmed  that  In  Inconel 
600,  for  those  samples  with  a  high  sulfur  content  (30  ppm  and  up),  the  grain  boundary  zona  (2nm  wtds)  was  enriched  with 
sulfur.  Pig.  3  dtows  the  relative  sutfiz  content  in  the  Irecture  surface  (L*.  at  sputtering  time  ■  0)  for  a  number  of 
samples,  some  of  which  were  tree  ted  with  Ca  or  Mg  and  did  not  exhibit  high  grain  boundary  sulfur  levels.  Per  untreated 
samples  the  sulfur  content  decreased  with  Increasing  sputtering  time.  TNs  correlated  with  their  ductility  experiments 
which  shewed  thet  when  the  S  (or  Ca  or  Mg)  content  was  high,  tha  ductility  was  dramatically  reduced  In  the  temperature 
rang*  930 

Prom  all  this  evidence,  it  is  clear  that  sulfur  is  a  very  harmful  element,  and  its  migration  to  grain  boundaries 
under  long  term  high  temperature  service  can  have  serious  consequence*  Recently,  Mess  mar  and  Briant  (17)  have 
fcirrftT-  a  model  based  on  quantum  mechanical  cluster  calculations  tftowlng  that  the  degree  to  which  embrittlement  Is 
-ii—-1  by  impurity  atom*  it  related  to  tha  chemical  bonding  betwaan  those  stem*  and  the  baa*  metal.  Hence,  strongly 
embrittling  elements  Mdt  aa  sulfur  are  strongly  electronegative  with  respect  to  the  hoat  metal  (nickel)  and  draw  charge 
from  the  metal  atom  ante  themes  he*.  (La.  heteropolar).  Soma  metal  metal  bonds  are  thus  destroyed.  Those  impurity 
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•tom*  such  as  boron  which  improve  the  ductility  art  called  cohesive  enhancers,  because  in  this  case  the  bondb*  between 
impurity  and  host  metal  is  homopoter  (io.  the  charges  Involved  are  equally  shared  between  the  Impurity  atom  and  host 
atoms)  and  metal-metal  bonds  are  not  destroyed.  Since  It  Is  these  metal-metal  bonds  which  hold  the  grain  boundary 
together,  the  latter  case  obviously  describes  a  non-embrlttUng  situation,  and  the  bonding  between  a  cohesive  enhancer  and 
the  host  metal  may  In  (act  strengthen  the  grain  boundary.  One  can  estimate  that  other  electropositive  elements  such  as 
Mg,  Ca  or  Ti  would  behave  like  B,  while  electronegative  elements  such  at  oxygen  would  behave  lliw  sulfur. 

The  authors  do  not  speculate  on  what  happens  to  chemical  bonding  when  both  S  and  B  atoms  are  present  In  the 
g ram  boundary.  There  is  some  experimental  evidence  however  (It)  which  Indicates  that  the  two  opposing  effects  would 
tend  to  cancel  each  other  out,  to  that  the  presence  of  boron  In  a  grain  boundary  would  reduce  the  tendency  of  S  to  we  alien 
the  grain  boundary  bonding.  Apparently,  boron-doped  nickel  does  not  chenge  the  sulfur  content  of  the  fracture  surface 
but  does  improve  the  ductility.  Recently,  Muliord  (19)  hat  aiao  shown  that  tha  ds  later  lout  effect  of  sulfur  in  Ni  and  Ni 
binary  alloys  (where  nickel  waa  alloyed  with  Cr,  Mo,  Ai,  Cr,  W,  or  Hf)  was  countered  to  tome  extent  by  the  formation  of 
sulfides  which  than  limits  tha  amount  of  sulfur  aval  tab  It  for  grain  boundary  segregation. 

Other  work  (20)  on  pure  nickel  supports  the  evidence  that  sulfur  strongly  segregates  to  grain  boundaries,  (again 
measured  in  an  AES)  and  alto  it  the  see  regent  primarily  responsible  for  hydrogen  embrittlement  (which  waa  introduced  by 
testing  m  HjSOs  at  cathodic  potential).  Roth  the  pretence  of  sulfur  or  the  application  of  a  strongly  cathodic  potential 
were  effective  in  changing  the  fracture  from  trmsgranuUr  to  Intergranular  with  tha  accompany!?^  sharp  lota  In  ductility. 

The  sulfur  segregation  affects  in  pure  nickel  and  simple  binary  alloys  are  probably  representative  of  the 
effects  of  sulfur  in  the  highly  complex  nickel  bate  super  alloys.  Certainly  the  presence  of  sulfur  renders  an  alloy  such  at 
IN-7U  susceptible  to  intergranular  cracking  becauM  of  its  tendency  to  segregate  without  forming  sulfide  inclusions. 

Mulford  (19)  showed  that  the  rate  of  sulfur  segregation  waa  strongly  influenced  by  annealing  temperature  In  Ni 
and  Ni-Cu  alloys.  Equilibrium  levels  are  achieved  after  *00  hours  at  H0*c,  or  lete  than  one  hour  at  700*  C.  However,  in 
Ni-Mo,  Ni-AL,  Ni-Cr  and  Ni-Hf  binaries  the  sulfide  solubility  level  decreases,  primarily  due  to  the  increased  tendency  to 
form  sulfides.  In  the  case  of  the  Ni  -0.}%  Hf  alloy  tha  sulfide  farming  tendency  was  very  high  so  that  the  amount  of  free 
sulfur  was  very  low. 

Another  element  which,  has  traditionally  been  classified  with  sulfur  as  highly  deleterious  Is  phosphorus.  It  1s 
somewhat  surprising  that  although  their  atomic  rsidil  are  very  similar  (20)  phoaphorus  hat  a  coefficient  of  diffusion  In 
nickel  about  7  orders  of  magnitude  greeter  then  that  of  sulfur  (I*).  Consequently,  many  Investigations  have  shown  that 
phosphorus  alto  segregates  to  grain  boundaries  (MX20X2D,  but  recent  evidence  Indicates  that  phosphorus  segregation  la  not 
responsible  for  brittle  intergranular  fracture.  Bruemmer  et  al  (20)  dtow  that,  in  general,  phoaphorus  hat  a  slight 
embrittlement  effect  on  pure  nickel  which  in  the  presence  of  sulfur  translates  into  a  beneficial  effect  since  phoephorus 
reduces  the  strong  embrittling  effect  of  that  element. 

In  Inconel  400,  Was  et  al  (21)  have  performed  some  very  nice  experiments  using  a  Scanning  Auger  Microprobe 
to  show  that  annealing  treatments  at  700*C  caused  severe  chromium  depletion  and  enhanced  phosphorus  concentration  at 
the  grain  boundaries.  However,  It  was  the  former  that  waa  tha  moat  Ukaly  cause  of  the  observed  intergranular  corrosion 
(because  the  Intergranular  corrosion  rate  varied  with  thermal  treatment  whereat  the  grain  boundary  concentration  of 
phosphorus  did  not). 

hscidently,  it  is  shown  that  when  the  grain  boundary  chromium  level  falls  to  9%  (from  the  nominal  level  of  I) 
or  14%)  then  the  structure  Is  highly  susceptible  to  Intergranular  attack.  Much  of  the  chromium  Is  removed  through  the 
formation  of  tha  chromium  carbide  CryC  j. 

This  ts  one  of  the  reeaons  that  the  carbon  content  has  to  bo  closely  controlled  in  nickel-baaed  alloys, 
particularly  in  those  alloys  which  must  retain  their  good  corroeion  resistance  after  welding  without  further  heat 
treatment.  For  example,  In  tha  Haitelloy  alloys  C-274  and  C-*  (which  are  Used  in  severe  corrosive  environments)  the 
carbon  levels  must  not  exceed  0.02  and  0.00%  respectively.  Venal  and  Klein  (22)  found  that  for  electros  lag  remelted 
alloys,  a  high  proportion  of  tha  carbon  in  tha  Ingot  originated  from  a  high  level  of  carbon  In  the  slag.  They  showed  that  by 
adding  NIO  to  the  molten  slag  (70%  CaF2,  0%  CaO  and  0%  AItOj)  before  it  was  placed  in  the  ESR  crucible,  the  carbon 
content  of  the  stag  was  significantly  reduced,  which  in  turn  lead  to  lower  carbon  contents  in  the  resulting  Hastelloy 
ingots. 

Residual  Metals  and  Metalloid^ 

The  unwelcome  elements  which  have  received  the  moat  attention  in  the  literature  for  their  deleterious 
behaviour  In  nickel  alloys  are  lead,  bismuth,  selenium,  tellurium,  thallium,  silver,  antimony  and  arsenic.  The  AMS  2210 
standard  recognizes  that  these  elements,  which  ere  not  normally  analysed  lor  moat  applications,  can  seriously  affect  the 
mechanical  properties  of  highly  stressed  rotating  ports  such  as  turbine  blades.  Hence  the  following  limits  (ppm  by  weight) 
have  been  set  in  AMS  22*Ot 

Pb  tppm,  Bi  O.Sppm,  Se  Jppm,  Te  O.Jppm,  TI  Sppm 

A  number  of  other  elements  have  been  included  each  of  which  should  not  exceed  SO  ppm  and  the  total  amount  of  trace 
e tenants  should  not  exceed  *00  ppm. 

In  addition  SAE  have  published  an  Aerospace  Recommended  Practice  (ARP  l)D)  which  describes  the  methods 
whlci  may  be  used  to  analyse  for  these  trace  element*. 

In  the  earlier  review  (I),  the  rote  of  some  of  these  elements  on  the  high  temperature  mechanical  properties  of 
nickel-base  alloys  waa  described.  In  general,  it  had  bean  found  that  bismuth  was  thr  moat  harmful  element  at  ppm  levels 
and  that  teed,  tellurium,  thallium  end  selenium  In  decreasing  order  adversely  affected  creep  and  hot  workability 
properties.  Impurities  such  as  As,  Sb  and  Sn  were  far  less  damaging.  More  recently  some  of  these  earlier  results  have 
been  confirmed  for  Nlmonlc  10)  by  Thomas  snd  Gibbons  (21,  2*X  Pig.  *  Is  e  normalized  plot  of  the  affect  of  various 
Impurities  (La.  as  compared  to  the  bate  metal)  on  tha  stress  rupture  Ufa  and  ductility  at  *L5*C.  For  plain  samples  (  •  • 
)H  MPa),  Te  Pb  and  Se  were  the  meet  harmful  In  that  order.  For  in,  the  lifa-to-rupture  decreased  slightly  at  12  ppm  Sn 
(more  so  in  netehod  samples)  and  thereafter  actually  Incraaaad  with  furthar  additions  of  Sn.  The  effect  of  Te  waa  alto 
interesting  since  there  did  not  appear  to  be  a  decrease  in  Ufe-to-rupture  ea  the  Te  content  was  increased  from  I  ppm  to  i 
ppm,  but  dropped  sharply  whan  the  Te  content  Increased  to  7  ppm.  In  all  casts,  notched  samples  ( e  •  )M  MPa)  were  more 
sensitive  to  the  effect  of  impurities  then  plain  samples,  snd  this  was  particularly  noticeable  for  TI  and  Sn. 

It  was  thought  that  the  effect  of  Sn  may  bo  sensitive  to  temperature  variations,  but  it  was  demons trsted  that 
changes  in  Sn  at  7M*C  and  at  9Q0*C  had  no  effect  an  lifa-to-rupturo  or  reduction  in  area.  It  waa  alto  shown  for  Pb  and 
Te  (the  moot  damaging  elements)  that  grain  boundary  cavitation  increased  drastically  with  Increasing  Impurity  and 
Increasing  deformation  as  compared  to  the  cavitation  recorded  under  the  same  conditions  for  the  base  alloy. 
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It  »u  proposed  that  segregation  of  the  Impurity  to  grain  boundarie*  (thereby  reducing  the  aurface  energy  t,  ) 
could  result  u  he  increaaed  cavitation  becauee  the  aize  of  a  atable  cavity  ia  given  by  n  jt,/»  .where  »  it  the 
appiM  stress.  However,  it  is  intereating  to  note  that  the  increaae  in  cavitation  (by  a  factor  of  10)  waa  not  directly 
proportional  to  the  rupture  life,  which  decreased  by  25%. 

A  mor*  ««mina« ton  (2*)  of  the  effect  of  Pb  on  the  creep  properties  of  a  cast  nickel-base  alloy  MAR- 

MOO*  resulted  in  the  concha  ions  that  small  concentrations  of  lead  (approx.  2  ppm)  could  aerioualy  impair  the  rupture  life 
end  Asctibty  of  MAR-M0Q2  end  thet  this  alloy  waa  more  sensitive  to  small  concentrations  of  impurity  than  waa  the 
wrought  Nlmonic  105.  Using  Auger  Electron  Spectroscopy  the  authors  showed  thet  lead  was  present  es  a  monolayer  on  the 
******  rupttae  surface.  This  supports  the  earlier  postulation  that  Impurity  segregation  to  cavities  results  in  m  increased 
amount  of  cavitation. 

Kieemann  et  el  (25)  have  investigated  how  creep  rupture  properties  of  a  high-strength  cobalt-bast  alloy  can  be 
affected  by  trace  elements.  The  alloy  was  Identified  by  its  chemical  composition  and  appears  to  be  tha  castirw  alloy 
MAR-M509,  to  which  SO  ppm  bismuth  and  55  ppm  selenium  were  respectively  added  to  two  heats.  Tha  authors  had 
intended  to  add  100  ppm  of  each  element,  but  at  least  for  Se,  seemed  to  have  Inadvertantly  discovered  a  refining  process. 

TABLE  2 


THE  EFFECT  Of  SELENIUM  AND  BISMUTH  ADOTOOW  OH  THE  STRESS  RUPTURE 
UPE  AMD  OOCTIUTY  OP  A  CAST  COBALT  BASE  ALLOY  MAR-M5QS.  KLEEMANN  ET  AL  (25) 


Test 

Control 

Control 

Temperature 

(*C) 

Stress 

(MPa) 

Property 

Control 

Pius  35  ppm 
Selenium 

plus  90  ppm 
Bismuth 

110 

Rupture  Life  (h) 

107 

76  (27) 

76(29) 

Reduction  of  Area  (%) 

1* 

25 

9(3*) 

962 

70 

Rupture  Life  (h) 

30*2 

17*6  (*2) 

90*  (70) 

Reduction  of  Area  (%) 

2 

2.5 

3.1 

166 

Picture  Life  (h) 

76 

2*  (66) 

31  (59) 

Reduction  ot  Area  (%) 

20 

27 

*4  (76) 

699 

12* 

Rupture  Life  (h) 

1733 

1596  (9) 

11*1  (33) 

Reduction  of  Area  (%) 

I* 

15 

3.5  (60) 

NOTEi  Numbers  in  brackets  are  the  percentage  reductions 

in  property  values  in  comparison  to  the  control  casting. 


The  results  have  been  redrafted  as  in  Table  2  to  show  the  percentage  reduction  In  properties  due  to  the 
impurities,  and  it  can  be  seen  from  Table  2  that  the  authors'  conclusion  that  "at  tha  lower  teat  temperature  the  results 
show  the  absence  of  appreciable  effects  on  rupture  strength  due  to  Impurities"  is  not  strictly  true.  In  fact,  at  the  lower 
temperature  and  higher  stress,  impurities  had  their  most  damaging  effect  on  rupture  life,  percentage-wise.  In  general  90 
ppm  of  Bi  were  more  damaging  than  15  ppm  of  Se. 

In  comparison  to  results  on  nickel-base  alloys  where  e  few  ppm  of  Bi  can  have  e  disastrous  result,  it  appears 
that  cobalt  baaed  alloys  may  be  much  more  tolerant  to  impurities!  this  relatively  large  amount  of  Bi  did  not,  for  example 
have  a  large  effect  on  ductility  at  960*C.  It  Is  also  interesting  to  note  that  Se  actually  improved  the  ductility  utdar  all 
conditions  of  temperature  and  strata,  which  is  different  to  the  result  quoted  earlier  for  Nt-baeed  alloys  (23). 

Metallic  end  other  impurities  in  nickel  baae  alloys  have  bean  studied  by  AES  by  Walsh  and  Anderson  (26). 
Grain  boundary  fracture  surfaces  contained  significant  levels  (in  decreasing  order)  of  S,  Bi,  Te  and  Pb  whan  the  bulk  levels 
of  these  elements  was  as  low  as  SO,  S,S,  64  and  10  ppm  respectively.  The  elements  TL  Se,  Sn,  Sb  and  As  were  not  found 
at  tha  grain  bowidartes.  The  tame  alloys  (B-1900  and  MAR-M200)  with  Hf  additions  contained  a  much  lower  S  content  in 
tha  boundary.  Ta  and  Pb  levels  were  Independent  of  Hf  content.  In  general,  the  elements  which  segregate  to  the  grain 
boundaries  are  those  which  have  the  worst  effect  on  high  temperature  mechanical  properties  as  already  described  both  In 
tha  currant  paper  and  tha  former  review  (IL 

Control  of  Ag,  Bi,  Pb,  Sa,  Ta  and  TL  Introduced  to  levels  of  50  ppm  during  vacuum  induction  malting,  have 
bean  discussed  by  Schwer  et  ej  (27)  in  a  follow-up  report  to  that  referenced  in  (IK  This  subsequent  report  is  equally  vague 
in  terms  of  numerical  data,  but  the  conclusion  remains  that  Tl  is  almost  completely  removed,  Pb  and  Bi  substantially 
removed,  Te  and  Ag  partially  removed,  and  Sa  is  almost  unaffected  by  VIM.  It  was  also  concluded  that  time  was  tha  moat 
important  variable  fallowed  by  malting  temperature  and  operating  pressure. 

In  contrast.  Burton  (21)  has  down  that  In  U-700,  It  is  possible  to  reduce  tha  Sa  content  from  about  120  ppm  to 
13  ppm  by  voiari Illation  during  VIM.  In  other  testa,  it  waa  shown  that  selenium  can  be  further  reduced  from  3  ppm  to  0.3 
ppm  by  tha  addition  of  calcium  (in  tha  form  of  CaO  or  Ca  Ni)  to  tha  malt.  At  tha  same  time  5,  Pb  and  Zn  wore  also 
towered  by  this  calcium  treatment,  while  Sb,  Sn,  Ga  and  Ga  ware  unaffected. 


BCMEnCtAL  ELEMENTS 

We  have  seen  In  the  previous  paragraphs  that  Hf  and  Ca  continue  to  bo  uMd  to  control  the  level  of  sulfur  and 
oWiar  elements  (264BL  Several  other  elements  such  as  Mg,  B,  Zr  and  tha  rare  earths  are  used  either  In  a  similar  way,  or 
to  control  the  mtcrootructuro,  but  in  each  case  the  level  of  additions  must  be  carefully  controlled. 
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Both  Ce  and*  at*  •Ifoetivo  daoxldisars  during  tho  molting  of  nickel  boot  alloy*,  and  that*  clamant*  arc  alao 
utad  to  control  autfur  (29),  but  at  tha  tama  time  both  thaao  clamant*  can  cauca  severe  hot  shortness  whan  present  in 
exces*.  One  of  the  main  problam*  i*  that  thoaa  a  lament*,  particularly  Ca<  form  brittla  grain  botmdry  phases,  which  are 
visible  whan  the  coluta  concentration  i*  only  0.05*.  Mg  Is  not  m  critical  bacauaa  tha  Ni-Mg  phaaa*  are  *olubla  at  the 
•oaking  tamparaturat,  and  *o  tha  ttructura  can  tokarala  a  higher  level  of  Mg  before  cracking  b  abaarvad  during  forgk^. 

Other  common  addition*  to  nickel  beta  luparaJloyi  are  boron  and  zirconium  both  of  which  can  markedly 
improve  creep  and  fatigue  behaviour  of  nickel  beaa  super  alloys.  Ploraen  and  Davidaon  (JO)  have  recently  itudied  the 
effect*  of  amail  amount*  of  B  <  (  0.004*)  and  Zr  (  <  0.0)*)  on  a  Nimonic  alloy  PEI4.  Under  creep  condition* 
(4M*C/J40  MPa),  the  doped  (ample*  had  a  rupture  Ufa  of  about  I )M  hour*  where**  far  undopad  (ample*  it  waa  about  900 
hour*  (with  a  much  higher  creep  rate).  By  interrupting  tha  creep  teit*  it  wa*  shown  that  *urfeca  and  grain  bowdary 
cracking  wa*  far  la**  prevalent  in  sample*  containing  B  and  Zr,  although  tha  creep  and  fatigue  crack  growth  rate*  did  not 
seem  to  be  af factad  by  B  and  Zr.  Also,  B  and  Zr  war*  more  effective  in  air  test*  than  in  an  inart  atmosphere,  indicating 
they  do  indeed  counteract  the  deleter  lout  affect  of  oxygen,  but  neither  B  nor  Zr  affected  the  micros  tructure. 

On  the  other  hand,  Antony  and  Radavich  01)  studying  tho  effects  of  B  and  Zr  on  MAR-M002  have  shown  that 
stress  rupture  properties  can  deteriorate  markedly  with  higher  Zr  content,  as  shown  in  Table  ).  This  was  due  in  part  to 
the  increase  in  microporosity  (which  in  turn  may  be  related  to  the  decrease  in  solvus  temperature)  with  increasing  Zr.  It 
was  also  found  that  increasing  boron  decreased  the  amount  of  microporosity  and  Increased  the  *  tress-rupture  properties. 
In  fact,  it  was  concluded  in  this  report  that  the  use  of  Zr  should  be  eliminated  from  cast  nickel  base  alloys  used  for 
integral  turbine  wheels  where  microporosity  could  be  a  critical  (actor. 

TABLE  ) 


EFFECT  OP  Zr  AMD  B  ON  kBCROFOROSTTV  AND  STRESS  RUPTURE  PROPERTIES 
OP  MAR -4*002.  ANTONY  AHO  RADAVICH  (JO 


Doping  Levels  (*) 

Stress  Rupture  Life  (hrs) 

B 

Zr 

Microporosltv  (4) 

7WC/5M  MPa 

92l*C/294  MPa 

0.012 

0.20 

10) 

34 

0.012 

0.07 

0.J4 

M 

)4 

0.012 

0.1) 

0.M 

» 

49 

. 

0.07 

0.4* 

1 

14 

0.012 

0.07 

0.M 

M 

M 

0.02) 

0.07 

- 

121 

44 

Boron  tends  to  form  MjBj  borides  rich  in  chromium  dispersed  along  the  grain  boundaries,  often  replacing  MC 
carbides  ( J1 ).  Zirconium  affects  the  morphology  of  carbide*  and  may  *i*o  increase  the  V1  precipitate  size,  ft  Is  quite 
clear  that  in  complicated  super alioyi  each  element  may  Interact  In  several  way*  to  enhance  and  detract  from  overall 
properties .  For  example,  adding  boron  trees  titanium  (which  normally  is  taken  up  by  MC  carbide  formation)  and  this 
allows  more  Ti  to  form  a  r  -r '  grain  boundary  eutectic  02).  The  net  result  can  be  an  increase  in  both  strength  and 
ductility 

Rare  earth  metal*  (REM)  usually  cerium  or  lanthanum  are  added  in  very  small  amount*  to  super  alloy  melts, 
solely  to  control  X  and  O.  It  has  boon  found  that  larger  cerium  additions  (to  lnco  901)  did  not  refine  tha  grain  size  ()))  but 
did  cause  the  formation  of  brittle  Ni  and  Ce-rich  phases  In  the  grain  boundary. 

Fig.  )  ()*)  show*  how  Co  affects  the  removal  of  oxygon  from  a  molt  of  Udimet  901,  from  about  I*  ppm  to  S 
ppm  after  only  10  minutes.  The  further  time  of  holding  is  required  to  reduce  the  residual  Ce  level  to  about  0.02  to  0.0) 
wt*.  It  wa*  found  that  the  optimum  residual  cerium  content  to  provent  hot  shortness  Awing  subsequent  working  was 
within  the  range  0.02  to  0.0)  wt*,  or  200  to  )00  ppm. 

Mischmetal,  an  REM  mixture  (J4*Ca,  2** La.  l)«Nd,  )*Pr,  2*  other  REM)  has  frequently  been  uMd  in 
nickel-beae  alloys.  Par  example,  fig.  6  show*  the  desulfurization  of  two  VIM  heats  of  Haynes  alloy  7  It  ()))  by  different 
Mischmetal  additions.  It  is  usual  to  experience  a  greater  desulfurization  or  deoxidation  with  larger  REM  additions,  but 
this  utility  leivtt  a  high  REM  residual* 

Bailey  et  al  (K),  using  REM  treatments  on  Unitemp  901,  lhowed  that  whan  the  initial  sulfur  level  is  lower  (20 
pom),  the  final  sulfur  level  is  also  much  lower  (l  to  )  ppm).  Their  results  for  oxygon  removal  agree  with  tho**  of  Li  et  ai 
(ML  The  oxygen  content  went  from  ))  ppm  to  between  )  and  10  ppm  following  a  La  addition  of  400  ppm  to  the  melt.  The 
La  residual  wa*  about  25-)0  ppm  which  was  very  cloe*  to  the  expected  (calculated)  value  of  40  ppm  based  on  physical  and 
thermodynamic  data.  Theta  authors  thowed  also  that  creep  properties  at  450*0)44  MPa  war*  superior  in  the  La  treated 
version  as  compared  to  a  standard  Uni  tamp  901,  but  noted  that  there  is  a  danger  of  reducing  high  temperature  properties 
whan  the  REM  residual  is  high. 

In  fact  tha  danger  is  vary  real,  aa  has  recently  been  shown  by  Cosandey  et  *1  W L  who**  results  for  high 
tomparatw*  (I09)*C)  tensile  tests  an  Udimet  901  are  presented  in  Table  4. 

It  can  be  soon  that  a  C*  residual  of  10  to  90ppm  increases  strength  but  higher  residuals  lower  the  strength  to 
values  below  that  of  tho  untreated  alloy.  Cosandey  et  ai  also  showad  that  tha  M9*C/4MMPa  creep  ductility  eras 
ki crossed  by  JO-90  ppm  residual  Ca,  but  the  rupture  time*  lor  these  tests  were  tower  than  those  tor  untreated  samples. 
This  therefore  erryheaises  the  need  to  effectively  control  the  REM  residuals.  Co  has  a  tow  solubility  in  Mchel  and 
there  fare  the  grain  boundary  concentration  it  much  higher  than  tha  buBc  concentration.  At  tow  Ca  levels  the  Ce  reacts 
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with  O  and  5  to  form  O^OJ,  CajOyS  and  CajSt,  and  thia  Improves  the  ductility,  but  at  higher  concentrations  tha  brittle 
Nlj  Ce  phaae  forma  In  the  pain  boundariea  and  the  AjctiUty  It  then  reduced. 


TABLE  * 

ULTIMATE  TENSILE  STRENGTH  (UTSL  ELONGATION  <ELX  AM)  REDUCTION 
IN  AREA  (EA)  A>  A  FUNCTION  Of  Ce  ADOfflOM  AND  RESIDUAL  Ce 

CONTENT  1*08  )BGH  TEMPERATURE  TENSILE  TESTS  Of  AS-CAST  U-90f 

Coeandey  et  al  (3T) 


Ca  Ad 

dltlon 

Ca  Residue 

(ppm) 

UTS 

(MPa) 

EL 

(Pet) 

RA 

(Pet) 

T§t*tT 

wssm 

0 

0 

0 

202.7 

49.4 

75.1 

0.02 

<2 

)0 

210.9 

5<4 

<2.2 

0.0* 

»* 

41 

207.5 

4L0 

74.1 

0.04 

244 

90 

215.1 

54.9 

50.5 

0.0< 

mSM 

139 

155.1 

4.1 

2.0 

0.12 

H 

2J< 

■SB 

HU 

0 

0.21 

9t* 

til 

mum 

■91 

0 

EFFECT  OF  TRACE  ELEMENTS  ON  RECYCUNG 

In  line  with  the  theme  of  thia  conference  it  la  appropriate  to  dlacuaa  the  poaaible  build-up  of  inctueiona  and 
detrimental  trace  eiementa  through  the  uae  of  acrap  material  during  the  initial  meltiM  stage. 

W ouids  (SB)  has  described  an  elegant  method  of  recycling  niche!  hate  alloys  which  consists  of  a  two  part 
process.  The  material  la  first  air  melted  in  -  arc  furnace  and  oxygen  la  Introduced  through  a  lance  to  remove  reactive 
elements  prior  to  casting.  The  cast  ingots  arc  then  vacuum  refined  either  from  the  as-cast  condition,  or  by  mixing  with 
virgin  material  to  make  up  a  required  alloy  composition  and  during  this  treatment  the  required  Ht,  Ti  At  etc.,  can  be 
added.  Evan  after  the  oxygen  treatment,  the  yield  of  the  moat  valuable  materials  -  Ni,  Co,  Cr,  Mo,  Ta.  *  etc.  -Is  very 
high  indeed,  about  W*  of  the  charge.  Furthermore,  it  has  bean  shown  that  trace  element  pickup  during  processing  is 
negligible  and  that  tha  oxygen  content  after  vacuum  refining  is  about  )ppm-  During  VIM,  many  of  the  deleterious  trace 
elements  such  as  Ta,  Pb  and  Bi  are  removed  by  volatilization  but  the  extent  of  tha  removal  is  limited  by  the  charge 
content.  Hence,  if  poaaible  the  content  of  these  elements  in  the  charge  should  be  known  prior  to  molting.  Tha  above- 
mentioned  (It)  scrap  was  in  the  form  of  blades  and  vanes  and  the  sulfur  level  of  the  charge  was  0.001%.  However,  if  a 
charge  were  to  contain  heavily  corroded  blades,  tha  highar  level  sulfur  in  tha  acrap  would  undoubtedly  be  oxidized  during 
the  eeygen  lancing. 

In  order  lor  the  system  described  by  VouMt  to  work,  the  source  of  scrap  must  be  reliable,  and  one  of  the  main 
problems  in  recycling  it  that  there  la  a  dangar  =f  mixing  tha  alloys  and  possibly  mixing  grades  of  alloys.  Theat  problems 
have  recently  been  i> aniseed  in  detail  by  d'/BarbedllJo  f W,  including  a  review  of  tha  refining  prerasees  and  sources  of 
inclusions.  Problems  Mandated  with  inclusions  have  already  bean  dealt  with  in  thia  review,  but  it  la  important  to  realise 
that  even  with  the  use  of  high  quality  magnaeia  refractories,  tha  probability  of  picking  up  exogenous  inclusions  derived 
from  Bar  crucible  will  Increase  with  time  of  contact. 

One  of  tha  most  successful  methods  lor  remelting  of  super  alloy  scrap  hat  been  described  by  deharbadllio  (W) 
and  is  a  two  stag*  process,  (0  melting  in  a  electric  arc  furnace  and  (U)  argon-oxygen  decarbia-izatlon  (AOD)  in  a 
crucible.  During  tha  malting,  which  should  be  aa  rapid  at  poaaible,  the  malt  may  be  purged  with  oxygen  but  moat  of  tha 
refining  la  dona  after  transfer  to  the  AOD  crucible.  Through  tuyeres  in  the  base,  oxygen  and  argon  are  blown.  This 
purges  out  Nj  and  H2  gases,  oxrdtset  tha  reactive  eiementa  such  aa  Ai,  Ti,  Zr,  etc.  and  allows  volatilization  of  soma  of 
tha  high  vapour  pressure  tramp  elements  such  as  Pb,  Ik,  Ta  and  possibly  Sa.  Sulfur  is  alio  removed  by  oxidation  and 
volatilization.  This  material  could  then  be  cast  into  small  ingots  as  a  charge  for  subsequent  vacuum  arc  re  malting  but,  in 
panarai.  most  scrap  land  many  virgin  melts)  trill  be  air  meftod. 

At  the  1*77  Vacuum  Metallurgy  Conference,  Cremisio  at  si  (40)  discussed  super aj toy  scrap  processing  and  tha 
role  of  trace  elements.  They  focussed  on  problems  arising  from  analysis  and  at  tha  same  conference  the  same  author,  in 
con  function  with  a  group  of  distinguished  super  alloy  metallurgists  (SIX,  presented  the  results  of  an  A5ME-ASTM  gas  turbine 
penal  tad,  force  on  trace  elements.  This  program  was  called  "TraceaUoy"  in  which  2*  laboratories  analysed  three  heats  of 
a  nickel  base  super  alloy  which  had  been  doped  with  diffarent  quantities  of  tramp  elements,  namely  Bi,  Pb,  Se,  Te  and  TI. 
Upon  completion  of  this  program  tha  remaining  malarial  was  sent  to  the  National  Bureau  of  Standards  (NBS)  in 
VaaMngtan  D.C-.  In  Saptembar  19*0  NBS  iaeued  a  Certificate  of  Analysis  for  tha  three  materials  known  as  Tracoalioy  A, 
B  and  C.  These  materials,  which  are  respectively  Standard  Reference  Materials  (SUM)  <97,  <9t  and  <99,  can  be  purchased 
from  NBS  far  )li)  par  35  <  sample.  Table  )  shows, 

aJ  tha  vnounts  of  trace  elements  added  to  etch  heat 

b)  tha  arithmetic  mean  and  standard  deviation  lor  each  aliment  as  determined  by  the  participating 
tabor*  tor  lot  and 

c)  tha  NBS  certified  values  for  SR  Mb  <97,  m  and  <99. 


RESULTS  FROM  THE  TRACEALLOV  PROGRAMME  (61) 

AND  SUBSEQUENT  NBS  CERTIFIED  VALUES  POR  TRACEALLOYS  A.  B  AND  C 
(all  value*  a re  ppm  by  weight) 


Alloy 

Element 

Amount 

Added 

Participating  Lab.  Results 

NBS  Standard  Reference 

Arithmetic 

Mean 

Standard 

Deviation 

Value 

Estimated 

Jncertainty 

BI 

0.5 

0.5*2 

0.296 

(0.5J) 

. 

Pb 

10 

10. 7 

L9) 

11.7 

0.S 

A 

Se 

5 

S.II 

1.S9 

9.1 

0.1 

Te 

1.0 

1.05 

0.)6S 

1.05 

0.07 

Tl 

L0 

0.56) 

0.269  . 

0.51 

0.0) 

Bi 

1.0 

LIS 

0.52) 

(LI) 

Pb 

2 

2.56 

0.96* 

2.5 

0.6 

B 

Se 

L0 

1.82 

0.67) 

2.00 

0.02 

Te 

0.5 

0.6* 

0.521 

0.56 

0.02 

Tl 

5 

2.79 

L26 

2.75 

0.02 

Bi 

0.2 

0.516 

0.267 

(0.26) 

. 

Pb 

5 

6.11 

L2S 

1.9 

0.1 

C 

Se 

to 

9.16 

1.71 

9.5 

0.1 

Te 

5 

6.99 

L60 

5.9 

0.6 

Tl 

0.5 

0.562 

0.565 

0.252 

0.00) 

NOTEi  MBS  have  not  certified  the  bismuth  content* 


There  are  several  important  points  regarding  these  results! 

i)  the  certified  values  for  lead  (Ivan  in  Table  5  are  the  latest  available  from  NBS  and  are  about  20%  lower  than  the 
values  issued  on  the  NBS  Certificates  of  Analysis  between  September  19*0  and  August  IMS.  Apparently  the  errors 
were  due  to  incorrect  calculations  following  peak-height  measurements,  but  the  admission  by  NBS  that  even  they 
are  capable  of  errors  only  goes  to  emphasize  the  care  with  which  superailoy  producers  must  perform  their  analyses. 
It  is  fortunate  that  the  incorrectly  certified  values  were  too  high  rather  than  too  low. 

ii)  NBS  used  "definitive"  methods  based  on  isotope  dilution  spark  source  mass  spectrometry  for  Se  and  Te,  and  isotope 
dilution  mass  spectrometry  for  Pt>  and  TL  Since  Bi  hat  only  I  isotope,  this  method  cannot  be  ueed  for  B),  and  so  NBS 
do  not  have  a  "definitive"  method  for  Bi,  and  therefore  do  not  list  Bi  in  the  certification.  The  bracketed  values  for 
Bi  are  non-certificd  values  as  quoted  by  NBS,  and  are  the  arithmetic  mean  of  the  acceptable  values  provided  by  the 
ASME-ASTM  peneL' 

iu)  Most  of  the  2b  laboratories  participating  in  the  Tracealioy  programme  used  atomic  absorption  techniques,  and  none 
ueed  the  sophisticated  techniques  that  NBS  used.  Also,  it  is  almost  certain  that  none  of  the  laboratories  would 
perform  the  large  number  of  trial*  that  NBS  would  perform.  Nevertheless,  it  is  interesting  to  note  that  the 
arithmetic  moans  given  In  Table  5  are  in  good  agreement  with  the  values  certified  by  NBS. 

iv)  However,  the  large  deviation*  calculated  from  the  results  of  the  participating  laboratories  indicate  that  the  chances 
of  obtaining  a  poor  result  are  quit*  high.  The  equipment  should  be  frequently  calibrated  against  one  of  the  NBS 
refer  voce  materials. 

v)  It  appears  that  one  or  more  of  the  constituents  of  Treceelloyt  A  and  B  were  contaminated  with  S*  since  the  analysed 
value*  exceed  the  amount  deliberately  added  to  the  melt. 

vi)  It  is  interesting  to  not*  that  Bi,  Pb,  Sa  and  T*  were  not  "tost*  during  tha  court*  of  melting.  About  half  the  T! 
appears  to  have  been  lost,  probably  by  volatilization.  Compare  this  to  the  results  of  Schwar  *t  al  (27)  -  on*  might 
alto  expect  that  some  of  the  Pb  and  Bi  would  have  volatilized  tool 

vti)  There  are  several  methods  that  can  be  used  for  quantitative  chemical  analysis  of  nickel  base  super  alloys  and  moat 
require  that  the  sample  be  disaolved  in  acid*.  Since  this  can  be  difficult,  there  It  a  danger  that  some  constituents 
may  be  lost.  Even  with  the  latest  equipment,  most  analysts  need  a  lot  of  experience  before  they  can  routinely  and 
confidently  report  on  ppm  levels  of  trace  elements. 


summary  amp  cowcuwows 

A  review  paper  Inevitably  includes  a  large  number  of  canckwions  which  have  been  reached  by  a  large  number 
of  workers  representing  a  wide  variety  of  Interests.  It  is  possible  to  to  through  the  work  on  trace  elements  conducted 
over  the  past  eight  years  and  v*r  f  many  of  the  statements  mad*  In  the  earlier  review  (IL  At  the  seme  time 
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advances  In  the  field  of  Auger  Electron  Spectroscopy  have  lead  to  a  more  complete  understanding  ol  why  tome  of  these 
element*  are  a  problem. 

A  summary  of  tlw  itate-of-the-art  is  as  followti 

L  The  elements  which  are  most  frequently  associated  with  a  deterioration  in  high  temperature  properties  of 
nickel  base  alloys  are  sulfur,  lead,  bismuth,  tellurium  and  selenium. 

2.  These  elements  can  all  be  removed  to  a  large  extent  during  scrap  processing,  for  example  by  the  AOO  process 
09)  or  during  VIM  by  volatilization. 

3.  Ca,  Mg  and  REM  additions  to  the  melt  can  all  help  with  the  removal  of  tramp  elements,  but  care  must  be 
taken  to  keep  the  residual  of  the  additions  to  a  low  level  otherwise  the  properties  of  the  alloy  can  be  adversely 
affected.  Bailey  et  al  (34)  describe  a  calculation  for  REM  additions  to  limit  the  resitfcial  content. 

».  Boron  and  zirconium  are  used  successfully  to  remove  tramp  elements,  but  since  Zr  can  increase  the  amount  of 
microporosity  (which  can  adversely  affect  mechanical  properties),  it  is  not  recommended  as  an  addition  to 
castings  for  high  stress/high  temperature  applications. 

3.  Even  though  the  bulk  level  of  impurities  may  be  low,  most  of  these  elements  can  segregate  and  concentrate  in 
grain  boundaries.  This  causes  a  loss  of  ductility  and  leads  to  intergranular  fracture. 

4.  Bismuth  and  selenium  do  not  appear  to  be  so  harmful  in  cobelt -base  alloys  as  they  are  in  nickel-base  alloys. 

7.  Particularly  for  elements  such  as  Cu,  Fe  and  Sn  which  are  difficult  to  remove  during  AOD  processing,  care 

must  be  taken  to  analyse  any  scrap  which  is  to  be  used  for  recycling. 

t.  Accurate  analysis  to  ppm  levels  is  difficult  even  for  those  laboratories  which  must  routinely  perform  such 
tasks. 


REFERENCES 

1.  R.T.  Molt  and  *.  Wallace,  "Impurities  and  Trace  Elements  in  nickel-base  superail oys”,  Int.  Metal).  Revs,  21,  March 
1974,  p.  1-2*. 

2.  William  3.  Boesch,  John  K.  Tien  and  Timothy  E.  Howson,  "Progress  in  Vacuum  Meltingi  From  VIM  to  VADER",  Metal 
Prog.,  October  1982  p.  *9-34. 

3.  A.V.  Nikolaev,  "A  study  of  NickeJ-hase  alloy  refining  during  Vacuum  Plasma  Arc  Remelting",  Fiz.  Khim,  Obrab 
Mater.  19*1  (2)  *4-30,  (In  Russian). 

*.  Peter  E.  Price,  "Hot  Isostatic  Pressing  in  the  Aerospace  Industry*,  Metal  Prog.,  February  19*2,  p.  *4. 

3.  Hugh  O.  Hanes  and  John  M.  McFadden,  "HIPNng  of  castings  -  an  update".  Metal  Prog.,  April  19*3,  p.  23. 

4.  K.  Harris,  R.E.  Schwer,  G-W.  Brown,  and  O.C.  Valentine,  "The  Influence  of  nitrogen  and  oxygen  on  the  castbility  of 

IN-100",  Vacuum  Metallurgy,  Science  Press,  Princeton,  N.J.,  1977,  3*9-*22. 

7.  M.H.  Yoo  and  H.  Trmkaus,  "Crack  and  Cavity  Nucleation  at  Interfaces  During  Creep",  Metall  Trans  A,  l*A,  April 
19*3.  3*7-341. 

t.  0.  Eykm  and  J.M.  Hyzak,  "Investigation  of  Fatigue  Origins  in  Superalloy  Powder  Compacts",  Metall.  Trans.  A,  9A, 
197*,  127-129. 

9.  C.C.  Law  «id  M.J.  Backbum,  "The  Effects  of  Ceramic  Inclusions  on  Fatigue  Properties  of  a  Powder  Metalkirgical 
Nickel  Base  Superalloy",  Modern  Dev.  in  Powder  Met.,  Vol.  I*,  19*1,  93-11*. 

».  W.  Track  and  W.  Betz,  "Effects  of  Defects  on  Fatigue  Properties  of  P/M  disk  alloys",  Modern  Dev.  in  Powder  Met., 
Vol.  I*,  19*1.  13-23. 

IL  W.  Betz  Mid  W.  Track,  "Living  with'defects  in  PM  Superalloy  Materials”,  Powder  Metallurgy  Superalloys,  Vol.  2, 
19*0,  19-1  to  19-27. 

12.  E.E.  Brown,  J.E.  Stulga,  L.  Jennings  and  R.W.  Salkeld,  "The  Influence  of  VIM  Crucible  Composition,  Vacuum  Arc 
Remelting  and  Electrostag  Remelting  on  the  Non-Metallic  Inclusion  Content  of  MERE  T4",  Proceedings  of  the  *th 
International  Symposium  on  Super  alloys,  American  Society  for  Metals,  Metals  Park,  Ohio,  September  19*0,  p.  139-14*. 

1 3.  W.H.  Sutton  and  W.A.  Johnson,  "Reactions  Between  AI^Oj/MgC  Crucible  Materials  and  a  Vacuum-Melted  Hf- 
Bearing  Superalloy",  ibid,  p.  JII-J20. 

ta.  H.E.  Chaung,  Z.  Szklarska-Smialowtka  and  R.W.  Staehle,  "The  Effect  of  Heat  Treatment  on  Surface  Segregation  in 
Inconel  400",  Scripta  Metall.,  13,  1979,  p.  733-734. 

13.  E.  Kny,  W.  Stoll  Mid  R.  Stickler,  "Phase  Boundary  Segregation  in  the  Multiphase- Multicomponent  alloy  IN-73* 
studied  by  AES  and  SEM",  J.  Vac.  Vi.  T„  17(51,  19*0,  1208-1212. 


::  io 


\6.  S.  Yamaguchi,  H.  Kobayashi,  T.  Matsumiya,  and  5.  Hayami,  "Effect  of  Minor  Elements  on  Hot  Workability  of  Nickel 
Base  Supers  lk>y«",  Metal  Tech.,  6,  May  1979,  p.  170-175. 

17.  R.P.  Messmer  and  C.L.  Briant,  "The  Role  of  Chemical  bonding  in  Crain  Boundary 
Embrittlement”,  Acta  Metall.,  30, 1912,  p.  *57-447. 

I*.  R.A.  Mulford,  "The  Simultaneous  Grain  Boundary  Segregation  of  Phosporut  and  Boron  with  Sulfur  in  Nickel", 
Submitted  to  Metall.  Trans.  A. 

!9.  R.A.  Mulford,  "Grain  Boundary  Segregation  in  Ni  and  Binary  Ni  Alloys  Roped  with  Sulfur",  Metall.  Trans.  A.,  ISA, 
1913,  p.  143-170. 

20.  S.M.  Bruemmer,  R.H.  Tones,  M.T.  Thomas  and  D.R.  Baer,  "Influence  of  Sulfur,  Phosphorus  and  Antimony  Segregation 
on  the  Intergranular  Hydrogen  Embrittlement  of  Nickel",  Metall.  Trans.  A.,  ISA,  1983,  p.  223-232. 

21.  G.S.  Was,  H.H.  Tischner  and  R.M.  Latanision,  "The  Influence  of  Thermal  Treatment  on  the  Chemistry  and  Structure 
of  Gram  Boundaries  in  Inconel  400",  Metall.  Trans.  A.,  I2A,  1911,  p.  1397-1*08. 

22.  W.V.  Venal  and  H.3.  Klein,  "Control  of  Carbon  Pick-Up  in  ESR  Melting  of  Nickel  Base  Superalloys",  1977  Vacuum 
Melting  Conference,  Pittsburgh,  June  20-21,  1977,  Published  by  Science  Press,  Princeton,  p.  203-219. 

23.  G.B.  Thomas  and  T.ft.  Gibbons,  "Influence  of  Trace  Elements  on  Creep  and  Stress  Rupture  Properties  of  Nimanic 
105",  Metall.  Tech.,  4.  1979,  p.  95-101. 

2*.  G.B.  Thomas  and  T.B.  Gibbons,  "The  Effect  of  Small  Amounts  of  Lead  on  the  Creep  Performance  of  a  Cast  Ni-Cr 
Base  Alloy",  Superalloys  1980,  Amer.  Soc.  Metals,  Metals  Park,  Ohio,  1980,  p.  499-708. 

23.  W.  Kleemarm,  C.G.  Beck  and  F.B.  Mercer,  "The  Effect  of  Two  Trace  Elements  on  Creep  Rupture  Properties  and 
Mirrostructure  in  a  Vacuum  Melted  Co  Base  Superalloy”,  Superalloys- Metallurgy  and  Manufacture,  AIME,  New  York, 

1974,  p.  I  rW- ,24. 

24  '.M.  Walsh  and  N.P.  Anderson,  "Characterization  of  Nickel  Base  Superalloy  Fracture  Surfaces  by  Auger  Electron 

Spec  troscopy’.  ibid.,  p.  127-134. 

27.  R.E.  Schwer.  M.1.  Gray  and  S.F.  Morykwas,  "Trace  Element  Refining  of  Nickel  Base  Superalloys",  Vacuum 
Metallurgy  Conference,  1973. 

28.  C.J.  Burton,  "Selenium  Control  in  Vacuum  Induction  Melting",  Vacuum  Metallurgy,  Science  Press,  Princeton,  N.3., 
1977.  p.  77-89. 

29.  John  J.  deBarba  tillo,  "Effect  of  Uncombined  Calcium  and  Magnesium  orr  the  Malleability  of  Nickel  Alloys", 
Super  alloys- Metallurgy  and  Manufacture,  AIME,  New  York,  1974,  p.  95-107. 

50.  V  Floreen  and  J.M.  Davidson,  The  Effects  of  B  and  Zr  on  the  Creep  and  Fatigue  Crack  Growth  Behaviour  of  a  Ni- 
Base  Superalloy’,  Metall.  Trans.  A.,  ISA,  1983,  p.  893-901. 

il.  K.C.  Antony  ana  3.F.  Radavich,  "Solute  Effects  of  Boron  and  Zirconium  on  Microporosity",  Superalloys  -Metallurgy 
and  Manufai  tiwe.  AIME,  New  York,  1974,  p.  137-1*4. 

52.  K.D.  MaaweiL  I.F.  Baldwin  wid  3.F.  Radavich,  "A  New  Concept  in  Superalloy  Ductility",  Metall  Met  Form,  October 

1975,  p.  532-519. 

3  3.  D.M.  Anilker  and  l.B.  Newkirk,  "The  Effects  of  Cerium  on  the  Microstructure  of  INCO  901  Superalloy",  MetalL 
T-  ,  1».  A,  7 A,  1974,  p.  |7||-|7I8. 

34.  R.  Li,  I .  Coaandry,  G.E.  Maurer,  R.  Foote  and  3.K.  Tien,  "Understanding  the  role  of  Cerium  During  VIM  Refining  of 
Nahel-i  'vommm  and  Nickel-Iron  Alloys",  Metall.  Trans.  B,  I3B,  1982,  p.  403-411 

35.  M.F.  Rothman,  Tiesulfurizatian  of  a  Nickel  Bate  Superalloy  During  Vacuum  Induction  Melting  by  Means  of  Rare 
Earth  Addition*".  Vacuum  Metallurgy,  Science  Press,  Princeton,  N.3.,  1977,  p.  *9-74. 

34.  R.E-  Bailey,  R.R.  Shir  mg  and  R.J.  "nCecson,  "Effects  of  a  Rare  Earth  Addition  on  Unitemp  901",  Superalloyt  - 
Metallurgy  and  Manufacture,  AIME,  New  York,  1974,  p.  109-118. 

>7.  F.  Coaandry.  R.  Li,  F.  Sc xer rente  and  I.K  Tien,  "The  Effect  of  Cerium  on  High  Temperature  Tensile  and  Creep 
Behaviour  of  o  Superalloy",  MetalL  Trans.  A,  HA,  1983,  p.  4 11-4 2 L 

38.  Michael  J.  Would*,  "Recycle*  ol  Engine  Serviced  Superalloys",  Superalloys  1980,  Published  by  The  American  Society 
for  Metals.  Metals  Pick,  Ohio,  1980,  p.  3MI. 

39.  3.3.  dvBarbadillo,  "Nickel  Baoe  St^eralktyst  Physical  Metallurgy  of  Recycling”,  MetalL  Trans.  A,  ISA,  1983,  p.  329- 
3*L 


SO.  R.S.  Cremtsio  and  L.M.  " -  "Siperslloy  Scrap  Processing  and  Trace  Element  Considerations",  Vacuum 

Metallurgy,  Science  Press,  Princeton,  N.2.,  1977,  p.  333-388. 


ADAMf  H  MAT  TRIALS  SUBSTITUTION  AND  RECYCLING  PROCEEDINGS  Of  THE  4  4 
MffUNii  OF  THE  ST..  tUI  ADVISORY  GROUP  FOR  AEROSPACE 
RIMARlM  AND  DEVElOPMENT  NEUILLY.  APR  84  AGARO  CP  ■  356 
UNCMtt’MM'  F'r>  ,S/C^ 


06 


Inconel  600 

Surfoeo  Segregation  of  Sulfur 


Fig-  2  Effect  of  annealing  temperature*  an  the  normeliaed  Auger 
•ulfur  peek*  far  fumece  cooled  and  water  quenched  Inconel 
600  tpecimen*.  From  Cheung  et  al  (16). 
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summary 

'Tha  flow  of  Material*  in  a  real  recycling  ayataa  can  b*  daaonatratad  in  a  alnplifiad 
aannar  by  a  recycling  Modal  ayataa.  Tha  analyaia  of  thia  ayataa  raaulta  in  additional 
new  goal*  and  guide  line*  for  daaign.  Tha  guide  line*  are  interpreted  by  axaaplaa  ehou- 
ing  how  a  product  can  b*  daaignad  in  a  recycling  confore  Manner,  i.  a.  each  product 
ahould  ba  prepared  in  an  optiaal  way  for  the  eventual  rauaa  of  tha  whole  product  and, 
after  tha  and  of  product  Ufa,  for  regaining  tha  raaidu*  Material*.  The  guide  line* 
point  out  to  tha  futura,  but  can  ba  raaliaad  in  part  even  today  without  additional 
coat^ 


1.  DESIGNER  4 NO  RECYCLING  SYSTEM 

Wa  need  aachinaa  and  apparatua*  for  aolving  problamaj  by  producing  and  uaing  Machine*  w* 
create  new  problaaa.  Therefor*  w*  ara  raaponaibla  for  controlling  tha  technical  davalop- 
aant  today,  if  wa  want  to  aa*  a  change  in  our  courae  toaorrow  -  Ilk*  a  big  ahlp. 

Machine*  and  apparatua'  are  created  by  tha  deaignar.  Ha  decide*  not  only  on  thair  coat, 
but  alao  on  thair  quality  in  tha  uaa  and  tha  conaaquancaa  for  tha  environaant.  By  tha 
lncraaalng  aaount  of  lnforaatlon  and  daaand  to  b*  taken  into  coneideration  tha  daalgnar 
la  aora  and  aora  overtaxed.  Tharafor*  tha  acianc*  of  daaign  auat  help  hia  by  lnforaatlon 
and  guide  linaa  aultabl*  for  practical  purpoaaa  /^/. 


Often  the  deaignar  faal*  only  Ilk*  a  link  in  a  linear 
lnforaatlon  chain  going  froa  tha  cauaa  (taak)  over  a 
procedure  (daaign)  to  tha  raault  (product),  rio.  1. 
Really  tha  raault  read*  back  to  tha  cauaa,  ao  wa  have 
a  cloaad  loop.  Moatly  the**  faed-backa  ara  cauaad  by 
defect*  or  by  auggaatlona  coning  froa  production, 
aala  or  uaa.  So  tha  product  ia  laproved  and  by  and  by 
optiaiaad  for  low  price  and  aufflciant  fulfilnant  of 
lta  function. 

But  thia  "optiniaation"  la  not  optiaal  aa  aaan  froa 
a  higher  view  c-f  aconoaic*.  Wa  are  forced  to  praaerva 
our  aatarial  raaaourcaa  aa  wall  aa  our  energy  reeaour- 
caa  and  our  environaant.  Baaidaa  aconoaialng  and  aub- 
atltutlon  of  notarial*,  recycling  auat  ba  tha  third 
aaaaur*  (Fig.  1,  dotted  line*).  Thia  recycling  loop 
1*  a  aatarial  circle.  Tha  lnforaatlon  circle  inclu¬ 
ding  tha  daalgnar  ia  cloaad  by  analyalng  tha  recyc¬ 
ling  ayataa  and  galnino  new  ala*  and  taaka  for  de- 
algnlng  (pointed  line*).  The  coneideration  and  raali- 
aation  of  thaa  ia  "recycling  confora  daaign”.  It 
aaana  that  a  product  ia  daaignad  in  a  aannar  that  it 
la  prepared  in  an  optiaal  way  for 

-  tha  eventual  rauaa  of  the  whole  product  or  parta 
of  it  and 

-  tha  regaining  of  the  aatarial*  after  tha  and  of  tha 
product  life. 
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4.  !«akatt** 
(CHttciaa) 


I.  latacltt* 
«a«atta*) 

r  stan 

L-W-J 
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3.  treat eg  if 
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4.  Itoklag  m  eamctanaaaa 
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5.  klaattag  aattkla 
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2.  REALISATION  Of  THE  RECYCLING  CONFORM  OCSIGN 

The  daalgnar  aolvaa  problaaa  by  technical  aaana. 
Tharafor*  we  find  tha  five  atapa  of  the  problaa  aol¬ 
ving  in  tha  deaian  proceaa  too,  Fla.  2 ■  Tha  aaaa 
procedure  la  ueerul  for  developing  tha  recycling 
confora  daaign,  Fla.  3. 

at  flrat  w*  auat  raaliaa  tha  problaa  iteelf.  Than 
wa  have  to  foraulato  tha  taak,  aa  don*  in  /I/.  The 
third  atop  la  developing  idea*  for  aolutlon*  />,  3, 
4,  5/.  In  th*  fourth  atop  wo  ahould  introduce  thee* 
idaaa  into  practice,  and  teat  tha*.  It  la  aoat  im¬ 
portant  to  wake  up  the  conaciouanaaa  of  th*  problea 
in  all  aan  participating  in  our  tachnical  ayataa. 


ft*.  I  (aa  ba  taftli  laaral  make  aMq  iraaai 

ft*.  1  (a*  Pa  rift):  fbaaaai  tor  rvahttai  da  naqaHai  m dee  4afft  mm*m  to  ft*  2 


especially  on  tha  management  laval.  Thare  la  a  aatlaa  of  poaalbllitlaa  rot  raaliaing  tha 
recycling  conforai  daalgn  without  any  or  with  llttla  coats  wa  (mat  find  and  pick  tha*  out 
in  tha  fifth  etap.  After  that  wa  can  prapara  and  carry  out  aaaauraa. 

Looking  to  tha  daalgn  procaaa  wa  find  two  polnta  where  tha  daaand  for  "recycling  confora" 
la  of  a  apaclal  Importances 

-  In  tha  planing  phaae  tha  daaand  for  "recycling  conform"  auat  be  part  of  the  taak  ra- 
apsctlvaly  tha  Hat  of  deaandai  otharwlae  tha  product  will  nevar  ahow  thla  feature. 

-  During  tha  elaboration  phaaa  tha  daalgnar  auat  ba  aupportat  by  guide  llnee  and  example*. 


3.  RECYCLING  WOO CL  SVSTCW 


(4'flerant 

protection) 


m  foat-conaiir  | 
recycling 


■atari tl 
preparation 


StmllhM  rxftllN  •**•!  iti Im 


The  flow  of  aatarlala  In 
\raal  recycling  ayataaa 
/can  ba  daaonatratad  In  a 
ilapliflad  manner  by  a 
recycling  modal  ayataa, 
fig.  4.  From  tha  reeaour- 
caa  of  tha  earth,  raw  ma¬ 
ter  lale  are  gained  which 
flow  Into  the  production. 
Tha  primary  recycling 
circle  ("pro-conauaar  re¬ 
cycling")  conalata  of 
production  waata.  Tha  ma¬ 
terial  cornea  back  to  a 
production  of  tha  aaaa 
kind  with  or  -  aa  far  aa 
poealble  -  without  pre¬ 
paring. 

Now  tha  product  la  uaed 
(double  arrowa).  Tha  main 
target  la  to  prevent  tha 
product  ending  on  tha 
dumping  ground  or  bur¬ 
dening  the  bioaphara. 
Therefore  wo  ehould  try 
to  prolong  tha  product 
life,  naaaurea  aa  mainte¬ 
nance  and  repair  do  not 
belong  to  recycling,  but 
to  normal  product  uae. 
There  la,  however,  no  ex¬ 
act  border  between  theae 
aaana  that  a  product,  in- 


reglona.  "Recycling  during  product  uae"  or  "conaumer  recycling 
ataad  of  leaving  tha  ataga  of  uaa,  la  reganarated  by  epeclflc  processes  and  given  back 
to  tha  aaaa  uaa  (a.  g.  reconditioned  car  enginaa  or  mold  tirea). 


Thla  la  called  "rauao".  The  product  doee  not  loae  ita  form  or  ita  functions  it  raaaina 
on  a  high  value  levels  oppoalta  to  dlaintegration  or  reduction  to  email  piecea  which 
would  Imply  a  heavy  loaa  of  value.  Therefore  tha  reuae  la  tha  preferred  way  of  recycling. 
Often  the  product  may  ba  "uaed  on"  for  a  different  purpoee,  if  It  la  no  longer  auitable  for 
ita  original  purpoae  (e.  g.  ualng  tiraa  aa  buffara  in  a  port)s  that  alao  meana  a  certain 
loaa  of  value. 


When  reueing  or  "ualng  on"  la  no  longer  poealble  reepectively  economical,  the  product  auat 
be  disintegrated  or  reduced  to  email  placaa  for  regaining  tha  aatarlala.  Thla  "poet-con- 
aumar  recycling"  may  lead  to  a  production  of  the  aame  kind  aa  before  (reutllleation",  a. 
g.  ateal  acrap  remalted  to  steel),  or  to  a  different  production  ("utilising  on",  a.  g. 
producing  grounda  for  aporta  facilltie  from  worn  tiraa). 

All  orocadurea  In  theae  cyclea  imply  loaaea  of  aatarlala  (and  energy)!  we  have  to  try  to 
alniaioe  theae  loaaea  in  an  optimal  way,  roapectivoly,  in  the  borderline  caaa,  to  remove 
them. 


£j  wm  UMI  row  accYctiwc  cpoforr  design 

Guide  llnee  for  tha  recycling  conform  daalgn  can  be  developed  from  tha  proceaeea  In  the 
recycling  eyateme.  Cwlda  llnee  are  net  Inflexible  rulea,  but  reeemmendatiene.  The  normal 
team  of  every  deal  oner  la  to  find  cempromlaaa  between  different  demand*!  recycling  gives 
a  new  category  of  daalgn  damenda  and  criterlena  for  optimiaatlon.  We  will  coneider  the 
mein  guide  llnea  according  to  the  three  recycling  clrclea. 

4. I  Pr—canaumar  Racvcllno 


Regaining  the  materiel  of  production  weote  la  the  meat  freguent  kind  of  recycling,  aape- 
a tally  for  theme  reeeenoi 
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-  Th*  materiala  are  known. 

-  Th*y  can  be  collactad  In  a  aimpla,  claan  and  aeparata  way. 

-  The  waya  of  tranaportation  ara  aimpla  and  abort. 

-  Tha  profit  cart  ba  calculated. 

Tba  deaigner  oftan  baa  only  an  indirect  influence  upon  tbaaa  proceaaaa  becauee  thay  be¬ 
long  to  tba  raaponaibility  of  tba  production.  Tharafora  tba  following  guide  linaa  require 
a  cloee  cooperation  between  daaign  and  production  -  wbicb  will  ba  helpful  in  every  caaa. 


?aeic  rule  It  Such  production  proceaaaa  abould  ba  uaad  which  do  not  cauaa  waata,  at 
meat  aa  little  waata  aa  poaaiblo. _ _ 

Tba  waata  in  cutting  proceaaaa  can  ba  minimiaad  by  optimal  poaitiona  of  tha  ahapa  on  a 
ehaet  metal  plate  and  by  uaing-on  cut  off  parta  for  emaller  placaa. 

Recyclability i  Not  avoidable  production  waata  ahould  ba  auitabla  for  recycling,  and 
tnat  with  aa  little  coat  and  value  loaa  aa  poaaibla. _ 


4.2  Recycling  during  uee  (consumer  recycling) 

Tba  guide  linaa  of  thla  group  ara  on  tha  border  between  recycling  and  maintenance.  4 
etrlct  aaparation  ia  neither  poaaibla  nor  efficient,  bacauaa  both  of  them  intend  to  keep 
a  product  aa  long  aa  poaaibla  in  tba  uaing  ataga,  i.a.  on  high  valua  level.  Tha  repair 
or  maintenance  of  a  larger  product,  lika  an  aeroplane,  oftan  maana  that  aingular  unite 
ara  replaced  and  recycled. 

But  thara  ia  a  clear  difference  between  an  individual  "repair"  of  a  product  after  a  defect 
and  a  "product  regeneration"  in  an  lnduatry-lika  manner  /4/.  Cxamplee  of  reconditioned  en- 
ginee,  typeurltera,  machine  toola  ahow  that  it  ia  poaaibla  to  achiava  recycling  by  planta 
or  workabopa  in  an  economical  way.  Thalr  producta  ara  aa  good  aa  new  onea  or  atlll  batter, 
ir  each  of  them  ia  taated  Individually  in  contraat  to  new  earlea  of  producta  which  ara  on¬ 
ly  taated  at  random. 


Tba  next  guide  linaa  follow  the  range  of  proeaduree  in  a  regeneration  workahopi 


Thla  rule  abould  be  obvloua,  but  we  aaa  only  too  often  bow  it. ia  violated  by  too  ehort- 
aighted  economical  coneldaratlona.  4  poaitiva  example  la  tba  atandard  glaaa  bottle  for 
beverage*.  Tha  aluminium  acrew  cap  doaa  not  only  aava  tha  contanta  and  tha  envlrone  and 
aaal  tha  t ottla.  but  alao  anablaa  tba  bottle  to  ba  cloaed  again  and  protecta  tha  empty 
bottle  agalnet  dirt  aa  wall  aa  the  bottle  thread  egalnet  damage.  The  latter  functione  on¬ 
ly  concern  tha  recycling  of  the  bottle. 

Die-  end  raaaaemblvt  Every  product  conalating  of  aevaral  parta  ahould  be  die-  and  reaa- 
aemblad  without  damage  aa  almply,  clearly,  and  aafely  aa  poeolble. _ 


Fla.  3:  .Mutiny  b#t- 
•aaa  ball  bbyrtay  aa4 
baaalay  by  anaa  aaaber 
I,  aaal ly  la  ba  aaaem- 
btab  by  Wuehr  7,  bid 
aal  la  ba  «laaaaemla« 
/»/ 


The  anap  Jointing  between  tha  ball  bearing  and  the  hou- 
alng,  Flo.  8.  la  a  negative  example  for  an  eaay  aeeem- 
bly  without  being  able  to  be  diaaeaembled.-  In  every 
caaa  dlaaeeembly  ahould  be  poaaible  without  any  apeclal 
toolei  all  parta  concerned  ahould  be  well  acceaelble. 


Connactlonai  Detachable  connectiona  muet  fulfil  their 
function  over  the  whole  product  life  including  recyc¬ 
ling,  i.a.  thay  muet  neither  be  atuck  by  corroelon 
nor  loaa  their  function  by  repeated  detachment. 


Cepeclally  bolta  ara  auacaptibla  to  corroaloni  therefore  there  ahould  not  ba  any  allt  be¬ 
tween  acrew  head  and  contact  aurface  (a.  g.  no  open  apring  waaher).  The  howeing  of  the 
grinder,  rio.  6.  could  not  ba  recycled  becauee  a  thread  hole  had  been  torn  out.  Better 
aolutlone  would  be  throuqh-hotee  with  longer  bolte,  or  thread  Ineerta.  On  the  other  hand 
In  the  aircraft  Induatry  wa  muet  take  the  weight  into  conelderation. 


Fix.  1:  W  mimWai  i» 
(me  mm  •«  dm  »WH* 


kaafai  Far  a  phdbr  N 
(tbr*ab  h*3*  tea  eat) 


Cleaning i  Parta  ahould 
be  able  to  be  cleaned 
completely  without  do- 
■f«ff - 


Cevitiee  end  eernere  ahould 
be  wall  aoeeaelble,  lette- 
rlnga  durable  enough  ageinot 
eolvente. 


,on«  farta 
with  me  aama  rune t ion 
ahould  bo  either  aboe- 
lutely  equal  at  clear- 


That  facilitate*  atoraga  problem*  aa  wall  aa  tha  ldantlficatlon  of  parta  aftar  dia*e*a*m- 
bly. 


Tha  naKt  group  of  gulda  linaa  will  halp  to  raduca  tha  nuabar  of  neceaaery  now  parta  In 
tha  raganaratlon  procaaa. 


Uaari  Wear  ahould  ba  alamlnatad.  at  laaat  alnlalaad.  Unawoldabla  waar  la  to  ba  limited 
to  apaclal,  aaally  lntarchangaabla  alaaanta. _ 


Such  alaaanta  ara  wall  known  in  brakaa  or  clutehaa.  laportant  ara  tha  wharaabouta  of  the 
worn  aatarial,  bacauaa  it  la  loat  for  racycllng  and  aoatly  acattarad  In  tha  environment, 
hachlnlng  allouancea  and  adjuataant  alda  for  raganaratlon  ara  to  ba  takan  Into  conaldara- 
tlon.  Tha  daclalon  about  alidlng  or  rolling  friction  ahould  depend  on  tha  Ufa  expectan¬ 
cy  (tha  rolling  principal  la  not  alwaya  tha  batter  one)*  Tha  tribological  knowledge 
ahould  ba  tranapoaad  Into  practice  In  a  wore  coneequent  way. 


Corroalon!  Every  product  ahould  ba  doaloned  In  ouch  a  wav  that  corroalon  will  not  find 
a  working  aurfaca. 


E.  g.  gape  or  elite  ara  to  ba  avoided*  or  stuff ad,  or  dealgned  large  enough  not  to  retain 
dirt  and  aolatura.  Water  or  condanaata  auat  not  accumulate  In  cavltleei  they  ahould  ba 
cloaad  or  have  large  enough  drain  holaa. 


Protective  lavarai  Lavera  aoalnat  corroalon  and  other  daatrovlno  lnfluancaa  ahould  ba 
dlaeneioned  for  tha  whole  product  llfai  if  not  poaalbla,  they  ahould  ba  renewable  aa 
aaally  and  completely  aa  poaalbla. 


That  concerna  all  kind  of  protective  layers,  alao  on  Joints,  bolta,  and  other  email  parta. 
But  wa  ahould  note  that  each  layer  rapraaanta  a  compound  material*  and  ue  have  to  weigh 
the  enlargement  of  the  product  life  agalnat  the  parhapa  nagatlva  conaaquancaa  in  an  even¬ 
tual  recycling  procaaa. 


tandardloatloni  Clemente,  aaaambly  groupa,  or  producte  with  tha  aame  function  ahould 
a  atandardlaad  In  atructure,  Joining  dimensions  and  matarlala. _ 


Thie  rule  will  facilitate  the  Identification  and  the  exchangemant  of  parta  aa  wall  aa  the 
identification  of  tha  aatarial  in  tha  eventual  recycling  procaaa.  Cach  kind  of  mlaconcel- 
vad  lndivlduallam  can  only  be  lnjurloua.  Poeitive  axamplea  are  anti-friction  bearlnga. 


«.3  Poat-conaumer  recycling 

eventually  each  product  will  not  ba  able  to  ba  regenerated!  than  it  will  be  dlaintegrated 
for  tha  reutilieation  of  tha  matarlala.  Taking  into  conaideration  theaa  proceaaaa  bringa 
new  demanda  to  tha  deaign  of  producta. 


Basic  rule  IIli  Every  product  (in  addition  to  tha  conaideration  of  all  deelnn  demanded 
ahould  ba  dealgned  In  auch  a  way  that  It  la  prepard  foi  a  procaaa  to  regain  the  eate- 
rlala  aftar  tha  and  of  uae. _ _  _ 


The  main  problema  ara  to  Identify  tha  matarlala  end  to  aort  tham  into  compatibla  groupaa 
/3/.  C.  g.  it  la  poaalbla  to  add  acrap  of  unalloyed  to  high-alloy  ateel  scrap,  but  not  con 
varaely.  Thla  problem  becomee  moat  difficult  if  aluminium  alloya  ara  conalderad,  which  ara 
of  high  isiportanco  In  tha  aircraft  induatry.  Aluminium  acrap  from  wrought  alloy  of  high  va 
lua  can  only  bo  reutlllaed  for  infarlor  coating  alloy  If  tha  composition  of  alloya  la  not 
exactly  known  or  If  tha  acrap  la  contaminated  by  different  alloya. 


Trow  thla  point  of  view  ue  find  the  following  guide  lineai  their  raaliaetion  atill  requi¬ 
re*  aome  preparatory  work. 


Identification!  A  clearly  vlalbla  end  durable  Identification  symbol  ahould  atata  tha 
material  (reepectively  the  compatible  material  group)  and  the  poaalbllltlee  of  recycllngj 


fit.  T.  Pnami)  »*  •  »**- 

wl  !*•*<•(  Mtvltt  sw 
ncx'lm  swsHOtMss, 
».*.*« r  •tsstaiss  tU 
(O*  rmsaS;  C.  -  !*■■■<  | 


Such  aymbola  already  were  uaed  in  a  aieple  fora  during 
the  laat  war  for  marking  non-iron  matarlala,  a.  a.  for 
tubea.  fla.  7  ahowa  a  prapoaal  for  coding  more  than 
640  000  dirrarent  combination*.  In  thla  field  lntenaive 
work  ohould  be  done,  being  an  important  amaueptlon  for 
an  economical  racycllng  aapaclally  of  aluminium  and  high- 
alloy  matarlala. 


Qne-matarlalproducts!  At  flrat  it  ahould  be  aeelrod  to  that  a  product  conalata  of  only 
one  racyclabi  material,  at  laaat  that  all  mptarlale  of  tha  produet  belong  to  tha  aama 
compatible  material  group. 


An  oaample  ia  a  ball  bearing  with  a  ataal  eaga. 


.[  to  inT’rnrrwTTTjr* 


_ £1  If  an  one-material  product  cannot  b*  realised,  than  it  ia  ae- 

pired  to  that  tha  product  oonalata  only  of  matarlala  whleh  do  not  diaturb  in  tha  reeye- 
ling  procaaa,  i.a.  of  an  reoycleble  main  notarial  and  aa  few  aa  poaalbla  other  neteri- 
ala  whloh  oan  ba  renewed  in  the  recycling  pteooaa. 
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C.  g.  the  plastic  caga  of  a  ball  baaring  la  lost  if  tha  bearing  la  netted,  but  it  doaa 
not  contaainata  tha  ataal  salt. 


Compatible  groups i  If  a  compatible  or  a  non-diaturblno  aatatlal  combination  cannot  ba 
achieved  within  the  whole  product,  than  it  should  ba  poealble  to  separata  tha  product 
as  easily  and  clearly  aa  possibla  into  groups  or  aaeambly  unite  each  of  than  consiat- 
ing  of  conpatlbls  or  non-disturbing  materials. _ 


Olaturbing  natariala  should  ba  avoided,  at  least  their  proportion  should  ba  kept  under  tha 
adniaaibla  Unit.  C.  g.  in  a  ataal  nslt  tha  naln  disturbing  natariala  are  copper  (adaiesi- 
bla  *  0,15  %)  and  tin  {«  0,02  %).  A  roller  baaring  with  a  brass  caga  would  exceed  tha 
copper  limit  by  far. 


Separation i  Groups  to  ba  separated  In  tha  recycling  process  should  ba  clearly  narked 
and  poaltionsd  in  tha  outer  areas  of  a  product  for  aaay  access  and  detachment.  Their 
number  should  ba  ninialaad. 


This  rule  appliaa  to  units  with  disturbing  natari¬ 
ala  (a.  g.  alactric  notora  with  a  high  copper  pro¬ 
portion)  aa  wall  aa  with  scarce  or  high  value  ma¬ 
larial  (a.  g.  cobald).  Fin.  8  shows  how  a  new  de¬ 
sign  deteriorates  tha  Identification  and  tha  se¬ 
paration  of  an  electric  motor  in  a  aewlng-nachina. 


Ha.  1.  *at  racrthaa 
c O'* *or»  n*»  da  gig*  of 
•  M«tf*  MCfctM  ill 
( aloctri  c  M#- 

gr# tod  to  md  M#d#« 
tjr  Mi#  Hougfig) 


Combined  natariala t  1^  conblnad  or  compound  nata¬ 
riala  consisting  of  not  separable  and  not  compa¬ 
tible  natariala  are  to  be  used,  tha  advantages 
(longer  life  ate.)  ahould  be  carefully  weighed 
against  tha  disadvantages  in  tha  racycling  pro¬ 
cess.  One-naterlal,  conpatlbls  or  separable  prin- 
clpala  ahould  ba  prafarad. _ 


C.  g.  xinc  la  one  of  tha  bast  ataal  protective  layers  against  corrosion,  but  in  tha  net¬ 
ting  procaaa  it  ia  aggraaaive  to  the  salting  furnace.  If  a  beverage  tin  consiata  or  alu¬ 
minium  with  a  tin  plats  cover,  neither  of  these  natariala  can  ba  recycled  economically, 
wharaaa  a  "tin"  only  of  aluninlun  la  not  aors  expansive,  but  conforea  to  racycling. 
Similar  reflections  ahould  ba  nada  if  aluninlun  parte  are  connected  by  ataal  rivets. 


5.  CCONOHV  A WO  RECYCLING 


Thera  la  tha  aasunptlon  that  tha  racycling  conform  design  would  sake  tha  products  nore 
axpenalva,  and  therefore  would  decrease  tha  Industry  against  tha  conpatltion  of  other 
countries.  This  naaning  ia  not  only  shortsighted  concerning  tha  reeeource  situation, 
but  alao  in  a  general  aansa  not  correct,  for  tha  following  raaeonsi 

-  Several  aeaaurea  can  ba  rsalisad  without  any  additional  coat,  if  tha  designer  is  aware 
of  the  problan. 

-  Racycling  conforn  producta  often  are  alao  maintenance  conform;  as  tha  paraonnsl  costa 
are  arising,  this  ia  throughout  an  argument  for  publicity. 

-  Tha  change  from  ’repair"  to  "raganaration"  will  result  in  new  places  of  anploynant  in 
ragsnaration  centres  or  ainilar  and  help  tha  plant  to  reduce  tha  axpenalva  repair  de- 
partnanta. 

-  Raganaratad  recycling  products  can  ba  of  tha  earns  value  aa  new  products,  but  conside¬ 
rably  cheaper. 

-  Secondary  natariala  often  need  only  a  fraction  of  tha  energy  necessary  for  prlnary  na¬ 
tariala.  Thera  la  an  aconoalc  optiaun  at  a  csrtain  quota  or  recycling!  therefore  tha 
racycling  quota  can  have  a  positive  influence  on  tha  raw  natarial  prlcaa. 

Experience  ahowa  that  even  today  it  ia  possible  to  achieve  an  economical  racycling  of 
raaldua  natariala  with  ona-natarlal  products  (a.  g.  glass)  or  with  simple  ssparatlon  of 
natariala  (a.  g.  lead  accumulators),  an  laportant  condition  for  that  being  favourable 
transportation  facilities.  Tha  racycling  conforn  design  will  and  can  help  hare  aa  wall 
aa  in  maintaining  producta  in  tha  state  of  use,  Tha  guide  linos  have  not  bean  developed 
for  a  apacial  kind  of  producta,  therefore  they  can  ba  tranafarad  to  aircraft  producta 
alao.  Recycling  oust  not  bo  dona  radically |  but  in  a  rsaaonabla  and  aalactiva  way  it 
should  bo  part  af  ooaauraa  for  preserving  our  raaaourcaa  and  tha  economical  basis  of 
our  Ufa. 
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14. Abstract 

The  rarity  of  several  metals  such  as  cobalt,  chromium,  tantalum  and  niobium,  which  are  used 
in  high  temperature  materials  for  jet  turbines  induces  a  need  for  stockpiling,  conservation, 
substitution  and  recycling. 

This  meeting  was  focused  on  the  last  two  aspects,  with  special  reference  to  superalloys  with 
low  critical  element  contents  and  substitutes  to  superalloys  on  one  side,  the  identification  of 
the  sensitive  impurities,  the  problems  related  to  the  increase  of  their  concentration,  and  the 
possible  ways  to  solve  them  on  the  other. 
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